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Swimming pools have a great recreational value. To guarantee the health of swimming pool visitors, 
pool water is recirculated and treated. In this context, chlorine is a necessary disinfectant due to its 
residual effects which provides a certain level of active free chlorine for a continuous control of the 
pathogenic microorganisms in swimming pool water. However, chlorine reacts also with the organic 
matter in pool water and produce undesirable and potentially harmful disinfection by-products (DBP). 
Trihalomethanes (THM) are the most typical DBP found in chlorinated water and most regulated DBP. 
An inadequate pool water treatment can adversely affect water quality as the contaminants which 
cannot be removed by the treatment will accumulate. Nanofiltration (NF) is an attractive alternative to 
conventional pool water treatment based on the effective elimination of dissolved organic substances 
and thus DBP and the precursors. An efficient pool water treatment saves fresh water and heating 
energy consumption. 
The primary objective of this dissertation is to investigate the DBP behavior in swimming pool water 
and to evaluate the application potential of nanofiltration (NF) in swimming pool water treatment 
regarding elimination of DBP. This work was addressed in four parts: DBP formation, THM rejection 
by NF, minimization of DBP by NF and fouling behavior of NF membranes in swimming pool water. 
First of all, an appropriate treatment requires a better understanding of the DBP formation. The 
irregular input of various substances related to pool visitor behavior and long contact time with 
disinfectant due to water recirculation make the forecast of THM in pool water a challenge. Water 
quality in a public indoor swimming pool was intensively studied for 3 months with focus on the 
occurrence of THM. Daily sampling of pool water for 26 days showed a positive correlation between 
DOC and THM with a time delay of about two days, while THM and DOC didn’t directly correlate 
with the number of visitors. Based on the results and mass-balance in the pool water, a simple 
simulation model for estimating THM concentration in indoor swimming pool water was established. 
Formation of THM from DOC, volatilization into air and elimination by pool water treatment were 
included in the simulation. Formation ratio of THM gained from laboratory analysis using native pool 
water and information from field study in an indoor swimming pool reduced the uncertainty of the 
simulation. The simulation was validated by measurements in the swimming pool for 50 days. The 
simulated results were in good compliance with measured results. This work provides a useful and 
simple method for predicting THM concentration and its accumulation trend for long term in indoor 
swimming pool water. 
Literature referred to the THM rejection by NF has been contradictory (from little to 95%). For a 
systematic study in THM rejection mechanisms by NF, the rejection of four THM by three 
commercial NF membranes of different materials was investigated in carefully designed laboratory 
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experiments, considering the effect of adsorption and organic fouling on rejection performance. 
Results indicated that NF has actually limited rejection of THM, even when the molecular weight of 
the THM molecules was larger than the molecular weight cut-off of the membrane. The tightest 
investigated membrane NF90 showed a THM rejection of max. 30‒50%, while the other two 
membranes presented no THM rejection at steady-state. Adsorption has significant influence on 
rejection, facilitating the mass transport of THM through NF membrane. Membrane material plays a 
substantial role in the intrinsic adsorption capacity and consequently has the impact on rejection. The 
cellulose acetate membrane (SB90) showed little adsorption capacity of THM and therefore THM 
could pass cellulose acetate very quickly. It can be assumed that the occupation extent of the available 
adsorption capacity in the membrane plays a significant role in how the adsorption facilitates the 
transport of molecules through the membrane and thus decreases membrane rejection. Natural organic 
matter in feed solution and organic fouling layer had little effects on THM rejection. Organic fouling 
lowered the adsorption of less adsorptive THM due to blocking of the membrane surface. 
Despite the low rejection of THM, the successful simulation supported the observed positive 
correlation between DOC and THM with a time delay of 2 days, which indicated a possible 
minimization of DBP by quick removal of the precursors using NF. For the first time NF was 
integrated in a real swimming pool water system in a pilot-plant for the backwash wastewater 
treatment and in a full-scale plant as a branch current for the mainstream treatment. Chlorine-resistant 
NF membrane of cellulose acetate (SB90) fulfilled sufficient rejection performance for 17 months 
under pool water condition with 0.2 mg/L free chlorine present in feed water. By quenching chlorine 
in advance the polyamide NF90 membrane endured excellent rejection performance in 8 months 
operation. Compared to the original treatment process, integration of a branch current NF treatment for 
1.3% of the mainstream could reduce the general level of DBP and the precursors as well as the DBP 
reactivity in swimming pool water. Long-term onsite experiments at a real swimming pool 
demonstrated the feasibility of NF in pool water treatment, which provided a better pool water quality 
compared to the original treatment. 
Finally, for an effective fouling control regarding the realistic application, fouling of the NF 
membrane in swimming pool treatment was thoroughly investigated onsite through bench-scale 
experiments in different pool water qualities and autopsy studies of the two plants mentioned above 
after realistic long-term operation. Fouled membranes were characterized using scanning microscopy 
coupled with energy dispersive spectroscopy, Fourier transform infrared spectroscopy with attenuated 
total reflection, confocal laser scanning microscopy, zeta potential measurement and contact angle 
measurement. Fouling deposits were analyzed by mass measurement after heating at 110 °C and 
550 °C, elemental analysis, organic carbon and inductively coupled plasma optical emission 
spectroscopy. Results were associated with feed water properties to evaluate the major foulants. 
Autopsy studies showed that the decline of membrane permeability was mainly due to accumulation of 
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organics and biofilms on the membrane. The foulants identified were mainly biopolymers including 
protein- and polysaccharide-like substances. A concentration of 0.2 mg/L chlorine in feed water could 
not avoid biofouling but might influence the biofilm morphology and composition. Antiscalant with 
polyacrylates and polyphosphonates seems to enhance biofouling. Among the little inorganic foulants, 
Aluminium was found the most accumulated, probably from the flocculation pretreatment. Results 
indicated that in swimming pool water treatment NF membrane was dominated by biofouling in 
combination of organic fouling, while scaling could be well suppressed by antiscalant. The results 
fulfilled the information vacancies about fouling in such water properties and enabled to choose the 
appropriate cleaning method/pre-treatment for minimizing fouling formation under swimming pool 
water condition. 
NF showed a promising application potential in swimming pool water treatment regarding efficient 
elimination of DBP. The firsthand experiences provided the unique information for the fundamental 
understanding of the DBP formation and the performance of NF membranes in swimming pool water. 
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Schwimmbäder sind beliebte Freizeiteinrichtungen. Um die hygienische Sicherheit der Badegäste zu 
gewährleisten, wird das Schwimmbeckenwasser typischerweise kontinuierlich aufbereitet und nach 
der Aufbereitung in das Becken zurückgeführt. In diesem Zusammenhang ist Chlor ein verbreitetes 
Desinfektionsmittel. Aufgrund seiner „Depotwirkung“ besteht eine kontinuierliche Reduzierung der 
Pathogene im Schwimmbadwasser, da immer ein Restgehalt an aktivem freiem Chlor zur Verfügung 
steht. Reaktionen des Chlors mit im Wasser befindlichen gelösten Substanzen können jedoch zu einer 
unerwünschten Chlorzehrung sowie zur Bildung unerwünschter potenziell reizender oder 
gesundheitlich bedenklich Desinfektionsnebenprodukte (DNP) führen. Trihalogenmethane (THM) 
sind die bekanntesten organischen DNP in gechlortem Wasser. Eine ungenügende 
Schwimmbeckenwasseraufbereitung kann sich auf die Wasserqualität negativ auswirken, da die 
Verunreinigungen, die nicht durch die Aufbereitung entfernt werden können, akkumulieren. Die 
Nanofiltration (NF) ist aufgrund der effektiven Elimination der gelösten organischen Substanzen und 
teilweise der DNP und deren Präkursoren eine attraktive Alternative zur konventionellen 
Schwimmbeckenwasseraufbereitung. Eine effiziente Schwimmbeckenwasseraufbereitung reduziert 
den Frischwasser- und Energieverbrauch. 
Das Ziel dieser Dissertation ist die Untersuchung des Verhaltens der DNP im Schwimmbeckenwasser 
und die Ermittlung des Anwendungspotentials der NF in der Schwimmbeckenwasseraufbereitung 
bezüglich der Elimination von DNP. Die vorliegende Arbeit wurde in vier Abschnitte unterteilt: die 
DNP-Bildung, Rückhalt von THM durch NF, Minimierung der DNP durch NF und das 
Foulingverhalten der NF-Membranen durch Schwimmbeckenwasser. 
Für die Optimierung der Aufbereitung bedarf es eines besseren Verständnisses der DNP-Bildung. Der 
unregelmäßige Eintrag verschiedener Präkursoren bezüglich des Besucherverhaltens und die lange 
Kontaktzeit mit Desinfektionsmittel aufgrund der Wasserumwälzung machen die Prognose von THM 
im Schwimmbeckenwasser zu einer Herausforderung. Die Wasserqualität in einem öffentlichen 
Hallenbad wurde über einen Zeitraum von 3 Monaten mit Fokus auf das Vorkommen von THM 
intensiv untersucht. Die tägliche Probenahme des Beckenwassers über 26 Tage zeigte eine positive 
Korrelation zwischen DOC und THM mit einer Zeitverzögerung von etwa zwei Tagen. Im Vergleich 
dazu korrelierten THM und DOC nicht direkt mit der Besucherzahl. Basierend auf diesen Ergebnissen 
und einer Massenbilanz im Beckenwasser wurde ein einfaches Simulationsmodell zur Abschätzung 
der THM-Konzentration im Hallenbadbeckenwasser entwickelt. Die Bildung von THM aus DOC, die 
Verflüchtigung der THM in die Luft und die Elimination durch die Beckenwasseraufbereitung wurden 
in der Simulation berücksichtigt. Die Simulation wurde durch die Messungen im Schwimmbad für 
weitere 50 Tage validiert und war in guter Übereinstimmung mit den gemessenen Ergebnissen. Diese 
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Arbeit stellt eine nützliche und einfache Methode zur Vorhersage der THM-Konzentration und des 
THM-Entwicklungstrends im Hallenbadbeckenwasser dar. 
Die Literatur zum THM-Rückhalt durch NF ist widersprüchlich. Für eine systematische Untersuchung 
der Mechanismen des THM-Rückhalts durch NF wurde der Rückhalt von vier THM‘s durch drei 
kommerziellen NF-Membranen aus verschiedenen Materialien durch sorgfältig gestaltete 
Laborexperimente durchgeführt. Der Einfluss der Adsorption und des organischen Foulings auf den 
Rückhalt wurde berücksichtigt. Die Ergebnisse zeigten, dass die NF tatsächlich einen begrenzten 
THM-Rückhalt verursacht, selbst wenn das Molekulargewicht der THM-Moleküle größer als die 
Trenngrenze der Membran war. Die dichteste untersuchte Membran NF90 zeigte einen THM-Rückhalt 
von max. 30–50 %, während die anderen beiden Membranen keinen THM-Rückhalt im stationären 
Zustand aufwiesen. Die Adsorption von THM an der Membran hat einen signifikanten Einfluss auf 
den THM-Rückhalt, der den Massentransport der THM durch NF-Membranen erleichtert. Das 
Membranmaterial spielt eine wesentliche Rolle bei der intrinsischen Adsorptionskapazität und hat 
folglich einen Einfluss auf den Rückhalt. Die Membran SB90 aus Celluloseacetat zeigte wenig 
Adsorptionskapazität für THM. Es kann angenommen werden, dass das Ausmaß der Adsorption in der 
Membran eine wichtige Rolle für den Transport der Moleküle durch die Membran spielt, d.h. diesen 
erleichtert. Natürliche organische Stoffe in der Feed-Lösung und die organische Foulingschicht hatten 
wenig Auswirkung auf den THM-Rückhalt. Organisches Fouling verringert die Adsorption von 
weniger adsorptiven THM aufgrund der Blockade der Membranoberfläche. 
Trotz des geringen THM-Rückhalts ergab die bestätigte zeitliche Verzögerung zwischen DOC und 
THM von zwei Tagen eine mögliche Minimierung der DNP durch eine schnelle Entfernung der 
Präkursoren durch NF. Zum ersten Mal wurde die NF bei einem realen Schwimmbad in einer 
Pilotanlage für die Rückspülwasseraufbereitung und in einer großtechnischen Anlage als Teilstrom für 
die Schwimmbeckenwasseraufbereitung integriert. Die chlorbeständige NF Membran aus 
Celluloseacetat (SB90) erfüllte eine ausreichende Rückhaltleistung für 17 Monate bei der 
Konzentration von 0,2 mg/L freiem Chlor im Feed. Wenn das Chlor im Voraus gequencht war, behielt 
die Membran NF90 aus Polyamid eine ausgezeichnete Rückhaltleistung für 8 Monate bei. Im 
Vergleich zu dem ursprünglichen Aufbereitungsverfahren konnte die Aufbereitung eines Teilstroms 
von 1,3 % mit NF das gesamte Niveau der DNP und deren Präkursoren sowie die DNP-Reaktivität im 
Schwimmbeckenwasser reduzieren. Die langfristigen Experimente vor Ort bei einem realen 
Schwimmbad demonstrierten die Realisierbarkeit der NF bei der Schwimmbeckenwasseraufbereitung, 
die eine bessere Wasserqualität im Vergleich zu der ursprüngliche Aufbereitung zur Verfügung stellt.  
Abschließend wurde das Fouling der NF-Membranen bei der Schwimmbeckenwasseraufbereitung 
durch Experimente im Labormaßstab bei zwei Beckenwasserqualitäten und zwei Autopsiestudien der 
beiden oben erwähnten Anlagen nach langfristigen Betrieb untersucht. Gefoulte Membranen wurden 
mit verschiedenen Methoden wie z.B. Rasterelektronenmikroskopie gekoppelte mit 
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Energieverteilungsspektroskopie, konfokale Laser-Scanning-Mikroskopie, Fourier-Transformations-
Infrarot-Spektroskopie, Zetapotentialmessung und Kontaktwinkelmessung charakterisiert. Die 
Fouling-Ablagerungen wurden auch durch Elementaranalyse, Messung des organischen Kohlenstoffs 
und mittels optischer Emissionsspektroskopie mit induktiv gekoppeltem Plasma analysiert. Die 
Ergebnisse wurden mit der Eigenschaft des Feeds verglichen, um die wichtigsten Foulingstoffe zu 
bewerten. Autopsiestudien zeigten, dass die Senkung der Permeabilität hauptsächlich auf die 
Akkumulation von organischen Stoffen und Biofilmen auf der Membran zurückzuführen ist. Die 
identifizierten Foulingstoffe waren im Wesentlichen Biopolymere einschließlich Protein- und 
Polysaccharid-artiger Substanzen. Eine Konzentration von 0,2 mg/L Chlor im Feed konnte Biofouling 
nicht vermeiden, kann aber mit Einschränkungen die Morphologie und Zusammensetzung des 
Biofilms beeinflussen. Unter den weinigen anorganischen Foulingstoffen wurde Aluminium am 
stärksten akkumuliert, wahrscheinlich eingetragen aus der Vorbehandlung mit Flockungsmittel. Die 
Ergebnisse verdeutlichten, dass bei der Schwimmbeckenwasseraufbereitung die NF-Membranen 
hauptsächlich Biofouling in Kombination mit organischem Fouling aufwiesen, während das Scaling 
durch Antiscalant unterdrückt werden konnte. Die Ergebnisse dieser Experimente schließen die Lücke 
über Informationen bei Membranfouling durch Schwimmbeckenwasser und ermöglichen es, ein 
optimales Reinigungs- bzw. Vorbehandlungsverfahren zu wählen. 
Die NF zeigte ein vielversprechendes Anwendungspotential bei der Schwimmbeckenwasser-
aufbereitung bezüglich der effizienten Elimination der DNP. Diese Arbeit liefert somit eine wertvolle 
Hilfe für das grundlegende Verständnis der DNP-Bildung und der Performance von NF-Membranen 
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Swimming pools have a great recreational value all over the world. In Germany the people who go 
swimming often in their leisure time increased in 2012–2015 and accounted about 6.5 million in 2015 
(IfD-Allensbach, 2016). In U.S. swimming is the third most popular sport or exercise activity (Bureau, 
2009). To guarantee the health of swimming pool visitors, pool water is practically treated and 
recirculated over large periods of time. Disinfection is a necessary step in order to control the 
pathogenic microorganisms. Chlorine, the most common disinfectant in swimming pools, reacts with 
the organic matter in swimming pool water and produce undesirable and potentially harmful 
disinfection by-products (DBP). DBP in swimming pool water have been linked to human health 
effects such as bladder cancer (Villanueva et al., 2007). 
The organic matters in swimming pools comprise natural organic matter (NOM) from filling tap water, 
contaminants brought by the swimmers and from the pool water maintenance. Understanding the 
behavior of DBP-formation in pool water is complex due to the irregular new input of contaminants 
and the recirculation of swimming pool water over long periods of time (Chowdhury et al., 2014). 
Trihalomethanes (THM) as the most typical organic DBP in chlorinated water have been widely 
studied. However the occurrence of THM in swimming pool water is difficult to predict due to the fact 
that the bather and contaminant load, chlorine dosage, DBP concentration and fresh filling water can 
vary considerably both over short and longer time scales. Such studies in the field of swimming pool 
water are still missing. Effects of such recirculation system of pool water on DBP formation are not 
well-understood to date. 
An inadequate pool water treatment can adversely affect water quality as the contaminants which 
cannot be removed by the treatment will accumulate (Müller and Uhl, 2011, Zwiener et al., 2007). 
Nanofiltration (NF) is an attractive alternative to conventional pool water treatment based on the 
effective elimination of dissolved organic substances and thus DBP and the precursors. Literature 
concerning the rejection behavior of THM by NF has been a matter of contradictions, ranging from 
little to 95% in rejection (Agenson et al., 2003, Doederer et al., 2014, Klüpfel et al., 2011b, Levine et 
al., 1999, Uyak et al., 2008, Waniek et al., 2002), which indicates a crucial need of a systematic study 
in the rejection performance and mechanisms. Although many studies in drinking water treatment 
showed that removal of precursors by NF before the disinfection procedure could largely reduce the 
disinfection by-product formation potential (DBPFP), the produced water returns back to swimming 
pool and stay for a much longer contact time with chlorine. The fate of the remaining dissolved 




Fouling is an overall problem in membrane filtration, which could negatively influence the membrane 
performance. A good identification and characterization of foulants and fouling mechanisms after 
realistic operation is essential for effective fouling control. Membrane fouling in pool water treatment 
was little investigated. Swimming pool water features high temperature, low bicarbonate, chlorine, 
NOM and anthropogenic input as well as their products with chlorine, which is different from the most 
studied waters such as surface water or wastewater. Information of fouling in swimming pool water 
treatment is essential considering the application of NF. 
The introduction of a new application commonly encompasses start-up problems or unexpected results. 
The work to be presented here addresses the application potential of NF for swimming pool water 
treatment concerning the formation of DBP, the minimization of DBP by NF and the fouling behavior 
of NF membranes from a firsthand experience. Since swimming pool water cannot easily be simulated 
in the laboratory, most experiments were carried out on-site at public swimming pool. 
1.2 Objective and structure of the work 
The objective of this work is to gain a deeper understanding of the formation of DBP in swimming 
pool water and the application potential of nanofiltration in swimming pool water treatment. The 
thesis is divided into four parts: 
 
Figure 1.1: Key positions for this study in a swimming pool water system 
 
1) Investigation of the occurrence of THM in indoor swimming pool water in correlation with: 
a) dissolved organic carbon (DOC) concentration, b) the number of visitors and c) water 
treatment process, in order to develop a DOC-based predictive model for THM formation. 
Data were acquired through on-site investigations as well as lab-controlled chlorination 
experiments of native swimming pool water. The results can be used to quantitatively evaluate 













2) Evaluation of the THM rejection by NF and the effect of adsorption and organic fouling 
on the rejection performance. Considering the volatility of THM, filtration experiments 
were carried out in a closed set-up using pressure vessels and stirred cells. Three NF 
membranes with similar or smaller MWCO than the molecular weight of THM were 
investigated. Additionally, fouling experiments were performed to study the effects of NOM 
in feed and the fouling layer on rejection performance. The THM-adsorption on membranes 
was calculated by mass balance. Membranes material functional groups, surface morphology 
and hydrophobicity were characterized. (Chapter 5) 
3) Investigation of the elimination of DBP and the precursors by NF in swimming pool 
water treatment. Long-term experiments were carried out with a chlorine-resistant NF 
membrane (cellulose acetate) in a pilot plant and a polyamide NF membrane in a full-scale 
plant. The rejection performance and the influence on the pool water quality were 
accordingly studied. The results were compared to the situation without NF treatment. 
(Chapter 6) 
4) Analysis of the fouling characteristics of NF membranes in swimming pool water 
treatment. Fouling of two chlorine-resistant NF membranes (NTR-7470pHT and SB90) was 
studied with bench-scale cross-flow set-up onsite at two swimming pools with different pool 
water matrices. Autopsy studies of fouled spiral wound modules from the two NF plants after 
long-term operation (in Chapter 6) were carried out. Results were associated with feed water 
properties to evaluate the major foulants in order to give the first valuable insight into the 

















2.1 DBP in swimming pool water 
To guarantee the health of swimming pool visitors, pool water is practically treated and recirculated 
over large periods of time. Disinfection is a necessary step in order to control the pathogenic 
microorganisms. To date chlorine-based chemicals are still the most common and practiced 
disinfectants, including chlorine gas, sodium/calcium hypochlorite, or sodium hypochlorite produced 
through electrolytic generation (Black and Veatch, 2010). Although other disinfectants such as 
chloramine have been increasingly applied in recent years, a residual level of active free chlorine in 
public swimming pool water is usually required to continuously maintain the disinfection effect, which 
makes chlorine-based disinfectants necessary. Different hydrogen peroxide-based products were also 
compared to sodium hypochlorite (NaOCl) in killing microorganisms in simulated swimming pool 
water condition, which indicated that NaOCl was more effective (Borgmann-Strahsen, 2003). Pool 
water chlorination regulation and guidelines vary from country to country. The term “free chlorine” is 
practically defined as the sum of available HOCl, OCl
-
, and Cl2 (aq). HOCl has the most potent 
disinfection power. The World Health Organization suggests that free chlorine residual should be 
maintained at 1–3 mg/L in the pool water when only chlorine products are used (WHO, 2006). The 
New South Wales Ministry of Health, Australia recommends a free chlorine concentration ≤ 2 mg/L 
for indoor swimming pool water (pH-value < 7.6) (NSW, 2013). The province of British Columbia, 
Canada, mentioned that the free chlorine level must be equal or lower than 0.5 mg/L (temperature ≤ 
30 °C) or lower than 1.5 mg/L (temperature > 30 °C) (BC Reg 296/2010, 2010). In Germany 
according to the German Pool Water Standard DIN-Norm 19643-1 (DIN, 2012a) the free chlorine in 
swimming pool water generally should be maintained at 0.3–0.6 mg/L and for hot whirlpool at 0.7–1.0 
mg/L to achieve a sufficient disinfection capacity. A maximum concentration at 1.2 mg/L is allowed 
for certain operation conditions.  
Chlorine reacts with inorganic and organic matters in pool water and produce undesirable and 
potentially harmful disinfection by-products (DBP). The negative health effects such as bladder cancer 
which have been associated with DBP have driven much attention in recent years (Richardson et al., 
2007, Villanueva et al., 2007). DBP in drinking water have been widely investigated in recent decades. 
Natural organic matter (NOM) from humic origin is generally accepted as precursors for DBPs in 
drinking water (Barrett et al., 2000, Krasner et al., 2006, Rook, 1974). NOM is a major reactant in and 
a product from biogeochemical processes. The amount and composition of NOM depend on the water 
source. Humic substances are the major fraction of NOM in surface water such as lake or river. They 
are refractory anionic compounds which range from low to moderate molecular weight to 
macromolecules (Leenheer and Croué, 2003). After drinking water treatment a fraction of NOM still 
remain in tap water, which is brought into swimming pool with the filling water and composes the 
 
6 
basic matrix of organics in the pool water when the pool is filled with tap water. Additionally pool 
water receives the exogenic precursors such as hair, saliva, urine, personal care products, etc. from 
visitors, which are more reactive than the NOM from filling water (Kanan and Karanfil, 2011). Other 
inputs can also come from the pool water maintenance. Trihalomethanes (THM) are the most typical 
organic DBP in chlorinated waters such as drinking and swimming pool water. Haloacetic acids (HAA) 
are the second DBP group which receives major attention. Nitrogenous compounds such as urea, 
amino acids and creatinine form chloramines, which are responsible for the typical odor of a 
swimming pool and are measured as bound chlorine. By far, more than 100 species of DBPs have 
been identified in the swimming pool waters (Richardson et al., 2010). But the majority of total DBPs 
are still unidentified. A sum parameter, absorbable organically bound halogens adsorbable on 
activated carbon (AOX), has been used to give the general level of DBP in chlorinated water. 
DBP levels in swimming pool water are higher than in drinking water (Kanan and Karanfil, 2011) and 
induced more genomic DNA damage than the source tap water (Liviac et al., 2010), mainly associated 
with chlorination at higher water temperature (25–35 °C) (Simard et al., 2013). The conventional 
treatment process of swimming pool water, which comprises mainly flocculation and sand filtration, 
cannot effectively remove the dissolved organic matters (DOC) to keep the pool water hygiene and 
security, especially when increased levels of contaminants are brought by swimmers during intensive 
visits. Therefore the problem is particularly more evident in swimming pool water, where the treated 
water is almost entirely recirculated. Here, the substances which cannot be removed by the treatment 
will accumulate (Barbot and Moulin, 2008, Müller and Uhl, 2011, Simard et al., 2013). Understanding 
the behavior of DBP-formation in pool water is complex due to the irregular new input of 
contaminants and the recirculation of swimming pool water over long periods of time (Chowdhury et 
al., 2014). However it’s essential to develop the appropriate treatment strategy. 
2.1.1 THM in swimming pool water 
Trihalomethanes (THM) are the most typical organic DBP in chlorinated water. The four mostly 
studied THM are chloroform (CHCl3), bromodichloromethane (CHCl2Br), dibromochloromethane 
(CHClBr2) and bromoform (CHBr3). Usually chloroform is the predominant THM formed, 
contributing an average of more than 95% by weight to the total THM (Bessonneau et al., 2011, 
Simard et al., 2013). Other THM compounds are normally found in much lower concentrations than 
chloroform. Bromide containing THM are produced when there is Br- in water (Erdinger and Kühn, 
2004). Volatile DBPs like THM can be taken up via inhalation, dermal adsorption and ingestion. 
Compared to intake of tap water, gastrointestinal exposure in pool water and skin exposure during 
showering, skin exposure while swimming is the main intake route of THM contributing cancer risk 
(Panyakapo et al., 2008).  
Practically the total THM concentration is the sum of different THM calculated and given as 
chloroform. The European Communities (Drinking Water) (No. 2) Regulations implemented the limit 
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for total THM at 100 µg/L from December 2008 (Communities, 2007). In Germany the limit of THM 
in drinking water regulation is 50 µg/L (TrinkwV, 2016). The U.S. Environmental Protection Agency 
(EPA) issued the “Stage 1 Disinfectants/Disinfection By-Products Rule (D/DBP)” in 1998 giving the 
maximum allowable annual average level for total THM at 80 µg/L (EPA, 2002). In swimming pool 
water the regulatory limit is even stricter. According to the German Pool Water Standard (DIN, 2012a) 
the recommended concentration for THM in swimming pool water is 20 µg/L. 
Various studies have reported a wide variation of THM occurrence in swimming pool water. However, 
THM concentration can vary significantly in pool water over one day, weeks and months (Kristensen 
et al., 2010). Intermittent sampling can be insufficient for investigation of the formation mechanism in 
the whole swimming pool water system. Comprehensive understanding of THM formation, 
occurrences and their variability is essential for DBP study in swimming pool water. THM formation 
is affected by the disinfectants, disinfection conditions and character of water sources. To date no 
meaningful relationships between certain compound physiochemical properties and THM formation 
has been found (Bond et al., 2012). Most studies use sum parameter such as total organic carbon 
(TOC), dissolved organic carbon (DOC), UV254 and/or specific UV absorbance (SUVA) to represent 
organic precursors. TOC has been proved being able to represent the release of the anthropogenic 
pollutants (Keuten et al., 2012). In a study of 2 outdoor swimming pools with 81 samples it was 
estimated that on average 1.09 g DOC per person is brought into swimming pool water (Glauner, 
2007). DBP-FP (formation potential) experiments by dosing a certain amount of chlorine are usually 
applied to elucidate reactive precursors, kinetic behavior and formation mechanisms. Several studies 
applied body fluid analog (BFA) or materials of human origin to investigate the THM formation yield 
(Borgmann-Strahsen, 2003, Hansen et al., 2012, Judd and Bullock, 2003). But the BFA might result in 
a lower THM formation potential due to the fact that the presence of NOM brought by the filling tap 
water contributes to an additional DBP formation (Kanan and Karanfil, 2011). In another study urine 
was added to model solutions containing humic material. The overall THM formation was reduced, 
which was attributed to the depletion of active free chlorine by forming chloramines (Judd and Jeffrey, 
1995). Chlorination experiments of more various materials from human origin mixed within ground 
water or surface water indicated a significant correlation between TOC and DBP formation but the 
composition of DBPs can be considerably different due to different water sources (Kim et al., 2002). 
Experiments with native water rather than only model compounds are needed to have results which are 
comparable to real situation in the swimming pool. 
2.1.2 Modeling of THM 
Many modeling attempts have been made to predict the occurrence of THM in the past three decades 
but primarily in the field of drinking water. Most of them are function models based on empirical and 
mechanistic relationships of water quality and operational parameters (Chowdhury et al., 2009). 
Additionally regression or statistical methods were extensively used (Golfinopoulos and Arhonditsis, 
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2002). The research of THM modeling has been established in principle by linking THM with water 
quality parameters including TOC or DOC, type of organic precursors, pH, temperature, reaction time, 
UV absorbance, chlorine and bromide (Br
−
) concentration, etc. (Abdullah and Hussona, 2013, Sadiq 
and Rodriguez, 2004). Although the connection of specific model compounds to DBP formation 
remains uncertain (Hua et al., 2014), generally the increase of chlorine concentration, pH, temperature 
and reaction time leads to higher formation of THM (Abdullah and Hussona, 2013, Zhang et al., 2013). 
Some studies tried to establish a proportional relationship between the DBP formation and chlorine 
consumption. But chlorine consumption may actually largely result from chlorine decomposition or 
reaction with other reductive substances so that leads to an overestimation (Bond et al., 2012). 
Moreover, typically the THM loss due to adsorption or volatilization was not considered in these 
studies on drinking water. 
Compared to drinking water, modeling of DBP in swimming pool water attracted much less attention, 
although that swimming pool has a great recreational value. A possible reason can be the increased 
complexity of swimming pool water in comparison to the typical drinking water systems due to 
unpredictable input from visitors, variability and interactions of different precursors and much longer 
contact time with disinfectant (Chowdhury et al., 2014, Zwiener et al., 2007). Water temperature is 
typically adapted to the specific requirements with respect to energy or economic aspects and is often 
set to be certain value in swimming pool. The pH-value is usually kept relatively stable for sufficient 
chlorination efficiency. However, due to the fact that the bather and contaminant load, chlorine dosage, 
DBP concentration and fresh filling water can vary considerably both over short and longer time 
scales, different pool water scenarios are not easily comparable. Preparation of model swimming pool 
water in the laboratory is even more difficult. For the less reactive moieties, reactions with chlorine 
can be too slow to be observed during the drinking water disinfection. Glauner et al. (2004) observed 
in an outdoor swimming pool that a THM peak appeared two days after DOC increased. Additionally, 
effects of such recirculation rates of pool water system on DBPs are not well-understood to date. A 
few models for THM in indoor swimming pool air have been developed for exposure to THM for 
visitors (Chen et al., 2011, Hsu et al., 2009). To our knowledge, no simulation to predict THM in 
swimming pool water was to date established. 
In summary: 
 Precursors of DBPs in swimming pool water include NOM from tap water and anthropogenic 
input from visitors. 
 THM are the most typical DPBs, while the majority of total DBPs remain unidentified. 
 THM formation is affected by disinfectant, disinfection condition and character of water. 
 No meaningful relationship between certain compound physiochemical properties and THM 
formation was found yet. 
 To date there has been no information about THM modeling in swimming pool water. 
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2.2 Nanofiltration for eliminating DBP 
2.2.1 Nanofiltration for eliminating DBP precursors 
Regarding drinking water treatment, different methods were studied to eliminate DBP precursors. 
Activated carbon adsorption is one of the common treatments for controlling DBP especially THM 
(Potwora, 2006, Uhl et al., 2005). But the capacity is limited and new activated carbon has to be 
replaced regularly. Ozone can convert the  hydrophobic fractions of DOC into hydrophilic ones and 
results in the reduction of THMFP, of which the combination with coagulation leads to a further 
reduction (Sadrnourmohamadi and Gorczyca, 2015). Combination of coagulation, MIEX
®
 anion 
exchange resin and NF was also studied for reduction of DBP precursors (Bond et al., 2010). 
Membrane filtration has experienced a significant development and represents one of the major 
technologies for water treatment. Nanofiltration (NF) has gained in importance for varies applications 
in the last decade and has become an interesting alternative for elimination of DBP precursors in water. 
Most commercial NF membranes have a molecular weight cut-off (MWCO) of about 200–2000 Da. 
NF will remove most of the dissolved salinity solids especially multivalent ions, a large percentage of 
the dissolved organic matter (DOC), parasites and essentially all of the bacteria and viruses (Agenson 
et al., 2003, Patterson et al., 2012). Hence NF treated water is also disinfected. Rejection properties of 
NF has been used commercially since more than 20 years, often used to treat the through 
microfiltration (MF) or ultrafiltration (UF) pretreated water for indirect potable water reuse or water 
softening. First large-scale application of NF in water filtration plant was in France, which aimed at 
the removal of hardness, organic matters and trace contaminants, which showed satisfactory 
experience for two years (Cyna et al., 2002). NF can provide moderate to good recovery at pressure 5–
20 bar (Mulder, 1996). However, most of the membranes such as thin-film composite membranes can 
end in rapid degradation by strong oxidizers as chlorine, which limits the application (Do et al., 2012, 
Kang et al., 2007). Emerging NF membranes made of chlorine-resistant materials such as 
polyethersulfone are possible to be applied in harsh alkaline conditions or under conditions with 
chlorine (Schlesinger et al., 2006), which can be interesting for treatment of pre-chlorinated water. 
Removal of DBP precursors in drinking water by NF was extensively studied, often applying 
chlorination tests to determine the formation potential (FP) of DBP. DBPFP of feed water and 
permeate were compared to calculate the removal by NF. Model compounds or natural water samples 
were investigated. Despite that rejection of NF depended to a great extent on the water composition 
and the ionic strength of the raw water (Saravia et al., 2013), many studies showed that removal of 
precursors by NF before the disinfection procedure could largely reduce the DBPFP. Over 75% of the 
THMFP in natural water was eliminated using a NF membrane with the MWCO of 450 Da (Sentana et 
al., 2011). Increases in el. conductivity of feed from 786 to 1100 µS/cm didn’t affect the reduction of 
HAAs or THMs formation potential in surface water (Sentana et al., 2010). Above 90% of DOC, 
THMFP and HAAFP in surface water could be removed by a few NF membranes (Siddiqui et al., 
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2000). In a pilot plant study with NF (200 Da) for groundwater treatment in Germany, the rejection of 
NOM, AOXFP and THMFP was > 95% (Gorenflo et al., 2002). (Lee et al., 2005) presented that 
THMFP removal was proportional to the NOM removal. 
Based on the experience in drinking water treatment, to quickly remove precursors brought by visitors 
before further reaction with disinfectants could be a potentially effective approach of controlling DBP 
in swimming pool water. Commonly when the DBP concentration breaks the regulatory limit, extra 
fresh water is filled into swimming pool to make a dilution effect and meet the limit. So a more 
efficient treatment will not only improve the water quality but also saving water and energy for 
heating the newly filled water. NF became attractive alternative regarding a more efficient treatment 
minimizing DBP and DBP precursors. However, water temperature in swimming pool is much higher 
(approximately 30 °C) than in drinking water treatment. Doederer et al. (2014) determined the 
rejection of 29 DBP by NF, and found that in general rejection decreased when temperature increased 
and permeate flux decreased. The performance of NF in swimming pool water treatment cannot be 
straight related to NF performance in drinking or waste water treatment and therefore needs to be 
investigated. A few studies intended to investigate the application of NF in swimming pool water 
treatment. A combination of advanced oxidation processes (AOP) and NF was shown to remove up to 
80% DBP/DBP-FP, including the reduction of AOX, AOXFP and THMFP at 61–67% by NF 
membrane NF200B-400 (DOW) (Glauner et al., 2005a). Klüpfel (2012) investigated NF in bench-
scale for swimming pool water treatment. Results showed that DOC and AOX could be rejected up to 
70–80% by NF, which implied the concentration of DBP and DBP precursors could be largely reduced 
in pool water, when an appropriate portion of mainstream is treated using NF. By calculating DOC 
mass balance the possibility to integrate NF into pool water treatment as an effective alternative to 
conventional treatment was proposed. Further benefits such as saving fresh water consumption were 
also announced. Additionally, the combination of treatment process with ultrafiltration (UF) was 
added into the German Pool Water Treatment Standard DIN 19643-4 (DIN, 2012b). This serves as a 
suitable pretreatment step for NF which makes the integration of NF in pool water treatment even 
more feasible. 
Nevertheless, a high rejection of DOC and UVA254 may not always necessarily mean that the DBP 
levels produced afterwards will be low. Studies showed that DOC rejection was higher than the 
DBPFP reduction, which means the organic matter that forms DBP was still present in the NF 
permeate (de la Rubia et al., 2008, Sentana et al., 2011). Ates et al. (2009) showed although NF 
membranes (100–300 Da) reduced the formation potential of THM and HAA above 90%, DOC and 
UVA254 rejections could not be directly linked to DBP formation reductions by the tested membranes. 
Because low molecular weight organic fractions which are less effectively rejected by NF membranes 
may form other unregulated and/or unknown DBP, which can be measured by AOX. The precursors 
of HAA and THM were determined to be associated primarily with the hydrophobic fraction, although 
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the hydrophilic fraction is important as well (Roccaro et al., 2014). Diverse results regarding different 
fractions which were more effectively removed by NF were reported. In a study of surface treatment 
by NF, UVA254 rejection was higher than DOC rejection, which indicates that aromatic/hydrophobic 
compounds of the NOM can be preferentially removed (de la Rubia et al., 2008). Cortés-Francisco et 
al. (2014) used a combination of ultrahigh resolution Fourier transform ion cyclotron mass 
spectroscopy (FT-ICR MS)  and nuclear magnetic resonance (NMR) spectroscopy to characterize 
molecular change of dissolved organic matter (DOM) in surface water after NF pilot plant. Results 
revealed that NF preferentially removed compounds with higher oxygen and nitrogen content (more 
hydrophilic compounds), whereas molecules with longer pure aliphatic chains and less content of 
oxygen were capable of passing through the membranes. By fractionation of swimming pool water 
Glauner et al. (2005b) found that compounds with a molecular weight (MW) of 200–1000 g/mol 
accounted for a major part of the AOXFP. Highest formation of THMs was from the low-MW fraction 
(< 200 g/mol). The genotoxicity was found to be strongest also in the low-MW fraction. Therefore 
DBP removal by NF with MWCO down to 200 g/mol was recommended. Moreover, different from 
drinking water treatment, the produced water returns back to swimming pool and stay for a much 
longer contact time with chlorine. The fate of the remaining DOC in NF permeate and the effect of 
DOC-rejection in a recirculated system is yet unknown.  
2.2.2 Nanofiltration for THM rejection 
For systems with previously chlorinated water, NF is an attractive option to directly reject THM. 
However, literature concerning the rejection behavior of THM by NF has been a matter of 
contradictions, ranging from little to 95% in rejection (Agenson et al., 2003, Doederer et al., 2014, 
Klüpfel et al., 2011b, Levine et al., 1999, Uyak et al., 2008, Waniek et al., 2002). Details of selected 
studies are listed in Table 2.1. 
Table 2.1: Selected studies about THM rejection by NF membranes. 
 
Most of the studies were short term experiments. The variety of experimental conditions is also limited, 
mostly in deionized water prepared in the laboratory which didn’t consider the interactions between 
THM and the different water constituents (e.g. ions, natural organic matter) and the THM-properties 
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(e.g. volatilization). Some studies often had unrealistic high concentration of THM in the model 
solution, which would have huge impact on the diffusion process through membrane. Moreover, the 
volatility of THM makes the actual aqueous concentration during experiments difficult to control. 
However, only one work (Doederer et al., 2014) mentioned special experimental set-up to avoid the 
volatilization. 
THM belong to micropollutants and are relatively small organic molecules with the molecular weight 
of 119 to 253 g/mol. Some work has been done to study the rejection of micropollutants such as 
pharmaceuticals, pesticides, personal care products or DBP by NF (Hajibabania et al., 2011, Kimura et 
al., 2003b, Xu et al., 2005). Previous studies showed that most organic micropollutants could be 
effectively rejected by NF (Wang et al., 2015). In general neutral and small molecules are often 
associated with low rejection. To date no accepted method is known to predict the rejection of organic 
solute by polymeric membranes (Verliefde et al., 2009a). 
2.2.3 Rejection mechanisms 
 
Figure 2.1: Adopted schematic of hypothesized rejection and transport paths for organic substances 
through NF membranes after (Steinle-Darling et al., 2010). The main transport mechanism for organic 
solutes, which are too large to pass through the pores, is solution-diffusion through the bulk membrane 
material. A fraction of those organic solutes may be adsorbed in the process of passing through the 
membrane. 
Rejection of organic pollutants by NF membranes is dominated by different mechanisms. The well 
accepted major rejection mechanism in NF is physical sieving or also called steric exclusion of solutes 
which are larger than the membrane MWCO (Bellona et al., 2004). It’s also recognized as the primary 
mechanism in the rejection of organic micropollutants by NF (Wang et al., 2015). NF membranes are 
intermediate between ultrafiltration membranes and reverse osmosis (RO) membranes. So both 
convection through pores (defects) and solution-diffusion are involved for mass transport of solutes. 
Nghiem et al. (Nghiem et al., 2004) found out that the application of pore transport model lead to an 
overestimation of the rejection of natural hormones, probably because the hormones could pass the 
membrane both through convection and adsorption-dissolving-partitioning. Another study illustrated 




















rejection for solutes which have strong affinity to membrane material (Verliefde et al., 2009a). 
Hypothesized rejection mechanisms and transport paths for organic substances through NF 
membranes are illustrated in a schematic Figure 2.1 adopted after (Steinle-Darling et al., 2010). 
Solute-membrane interactions such as electrostatic effects and “solute-membrane affinity” play also a 
significant role in NF-rejection. NF are able to effectively remove natural organic matter (NOM) 
through a combination of size exclusion and physical-chemical interactions such as charge repulsion 
(Teixeira and Rosa, 2006). For negatively charged membranes, electrostatic repulsion can increase the 
rejection of negatively charged solutes and electrostatic attraction can decrease the rejection of 
positively charged solutes (Verliefde et al., 2008). It was even discovered that negatively charged 
solutes do not engage in hydrophobic interactions since they cannot approach the membrane surface. 
THM present in water are neutral so the electrostatic effects shouldn’t play a role in rejection. Solute-
membrane affinity has been a term which includes many different factors other than the widely studied 
electrostatic effects, such as the size, charge, hydrophobicity, hydrogen bonding and dipole moment, 
which may affect the solute-membrane interactions. This has been broadly investigated but hasn’t 
been not well understood. The influences of these factors become especially more important for low 
molecular weight organic compounds (Boussu et al., 2008, Wang et al., 2015). 
2.2.4 Effects of adsorption and organic fouling 
Adsorption of solutes to the membrane is an important solute-membrane interaction. Neutral 
micropollutants which have high n-octanol/water partition coefficient (log Kow) or hydrogen bonding 
capacity usually can adsorb to the membrane (Kimura et al., 2003a). Adsorption can affect the mass 
transport of the solutes so as to the rejection. First, high initial rejection due to adsorption followed by 
decrease of rejection over time has been already observed for different organic micropollutants 
(Kimura et al., 2003a, Steinle-Darling et al., 2010, Xu et al., 2006). An accurate evaluation of the 
rejection of hydrophobic compound should be done only after the adsorption reaches the steady-state 
or the “saturation”. Once the sorption capacity of the membrane is exhausted, rejection is supposed to 
be dominated by the mechanisms regarding diffusion through the membrane. Adsorption might also 
have indirect effects on the steady-state rejection, because adsorption of solutes in the membrane 
separating layer may significantly affect the properties of the membrane with respect to its rejection 
performance. Absorption of organic molecules to the membrane seemed to facilitate the diffusion 
transport of solutes through membrane and hence decreases the rejection (Arsuaga et al., 2010, 
Steinle-Darling et al., 2010). 
Rejection mechanisms of micropollutants by NF membranes in real water matrices (i.e. in the presence 
of organic macromolecules) are very complex. The reported overall rejection value and effects of 
different feed water matrices vary significantly. Moreover, the presence of high content of organics in 
water often leads to organic fouling, which is a common problem in membrane filtration. Fouling 
could change the membrane surface properties and alter the interactions between solutes and 
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membrane. The influence of water matrices and fouling on NF membrane performance is not 
completely understood. Different effects of fouling on the rejection were reported. Generally, increase 
in rejection after membrane fouling was attributed to the formation of a denser layer which serves as 
an additional filtration layer (Mahlangu et al., 2014, Verliefde et al., 2009b) or pore blocking which 
narrows the pores (Nghiem et al., 2008). NOM rejection by NF could be affected also by fouling of 
calcium-organic precipitate (Schäfer et al., 2000). One study showed that fouling by filtrated 
secondary effluent increased rejection of hydrophobic non-ionic organic solutes but facilitated organic 
transport through cellulose triacetate membranes (Xu et al., 2006). Agenson and Urase (2007) 
determined the change in membrane performance after organic fouling by sludge and landfill leachate 
using 36 neutral trace organic matters filtrated with aromatic polyamide NF and RO membranes. A 
lowered rejection of higher molecular weight solutes was observed. The given explanation was that 
the attachment of foulants on membrane polymer and subsequent diffusion of the large solute 
molecules through the membrane facilitated the transport. 
In summary: 
 Studies in drinking water showed that removal of DBP precursors by NF before disinfection 
could largely reduce the DBPFP. 
 A high DOC rejection may not always lead to low DBP production in subsequent disinfection. 
 Literature concerning the rejection of THM by NF has been contradictory, ranging from little 
to 95% in rejection. 
 Major rejection mechanisms of organic substances by NF membranes include sieving and 
charge repulsion, while the interactions of solute and membrane such as adsorption play an 
important role, which hasn’t been well understood. 
2.3 Fouling of NF membranes in swimming pool water treatment 
Despite the promising perspectives for NF, fouling is an overall problem in membrane filtration, 
which could decrease the permeability, change the rejection performance, increase the energy 
consumption and maintenance cost, and reduce the life of membrane. Remaining constituents from the 
pre-treatment can adsorb, accumulate or precipitate within or on the membrane polymer matrix 
leading to fouling.  
2.3.1 Fouling type and mechanisms 
Membrane fouling may be defined as the deposition of suspended or dissolved substances such as 
retained particles, colloids, emulsion, suspensions, macromolecules, salts etc. on or in the membrane 
(Koros et al., 1996, Mulder, 1996). Commonly fouling has been classified to colloidal/particle fouling, 
scaling, organic fouling and biofouling. Colloidal/particle fouling refers to accumulation of fine 
particles with the rough size range of 1−1000 nm, which has been largely studied and the 
understanding has been advanced (Tang et al., 2011). A proper pretreatment such as ultrafiltration (UF) 
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can provide effective prevention. Scaling refers to inorganic precipitates such as metal hydroxides and 
sparingly soluble salts when the dissolved ions in feed at the membrane surface become supersaturated. 
Precipitated deposits grow from nucleation gradually to form a scaling layer, which can considerably 
reduce the membrane permeability. The mechanisms of scaling have been widely investigated (Al-
Amoudi, 2010). Adjusting pH and appropriate antiscalants are possible means to control scaling 
(Shirazi et al., 2010). Organic foulants including macromolecules or biological substances may cause 
organic fouling and promote biofouling. Organic fouling is commonly due to NOM such as humic 
substances and their derivatives, protein and carbon hydrate. While NOM fouling on UF membranes 
has been reported in many studies using UF to remove NOM from surface water, the studies on NOM 
fouling on RO and NF membranes have increased lately (Braghetta and DiGiano, 1998, Hong and 
Elimelech, 1997, Lee and Elimelech, 2006, Seidel and Elimelech, 2002). In many cases, model 
foulants such as humic acid, fulvic acid and NOM standards from the International Humic Substance 
Society (IHSS) have been used (Lee and Elimelech, 2006, Tang et al., 2007). Nutrients from feed or 
from deposits on membrane can supply microbial growth. Biofouling is a dynamic process of 
microbial colonization and growth, which results in the formation of microbial biofilms. Biofouling is 
prevailing within membrane systems (Vrouwenvelder and van der Kooij, 2001). Biofouling causes 
severe damage in membrane because biofilm is very difficult to remove, yet many systems operate 
satisfactorily even with a biofilm (Baker and Dudley, 1998). As summarized by Schäfer et al. (2004), 
typically particulate/colloidal and rapid biofouling occur in the early stage of membrane modules due 
to higher permeate drag force. In the long run biofouling slowly spreads to latter stages with time. 
Organic fouling is yet not completely understood, which can occur in the beginning or end stages, 
depending on the foulant properties. Scaling and silica fouling usually happen in the latter membrane 
stages when the increased concentration exceeds the solubility limit. 
It’s usually accepted that main mechanisms of fouling include adsorption, pore blocking, precipitation, 
cake layer formation and gel formation (typically for protein containing solutions) (Al-Amoudi and 
Lovitt, 2007, Schäfer et al., 2004). Concentration polarization tends to assist in the fouling 
mechanisms such as adsorption, cake layer formation and gel formation (Sablani et al., 2001). Braeken 
et al. (2005a) stated that adsorption of dissolved organic compounds on polymeric NF membranes is 
comparable to that on activated carbon. Mechanism involved in biofouling is microbial attachment 
followed by biological growth for biofouling. Biofilm formation always precedes biofouling, which 
becomes an issue only when biofilms reach thickness and surface coverage that may cause problems 
(Al-Amoudi and Lovitt, 2007). Production of extracellular polymeric substances (EPS) is responsible 
for the biofilm. Fouling mechanisms have been studied but it remains difficult to describe theoretically 
and to predict and distinguish which mechanism participates in the operation (Mohammad et al., 2015).  
Because fouling is a complex process, in which different interactions between feed and membrane 
properties as well as operating conditions play a part (Al-Amoudi, 2010), which will be described 
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respectively in the next paragraphs. The most studied factors affecting fouling are briefly summarized 
in Table 2.2. 
Table 2.2: Summary of the most studied factors affecting fouling. 
Factors affecting fouling Manifestation 
Feed water 
properties 
pH   more severe NOM fouling at low pH 
ionic strength  more severe organic fouling at higher ionic strength 
divalent cation  interaction with carboxyl functional groups of humic 
substances and formation of complex enhance NOM 
fouling 




composition of constituents  more adsorption of hydrophobic fraction than 
hydrophilic fraction on membrane 
 more interaction of high MW than low MW fractions 
with divalent ions for fouling  
concentration  commonly more severe fouling at higher 
concentration in feed 
Membrane 
properties  
surface roughness  more severe fouling for rougher surface 
surface charge  higher fouling tendency for uncharged membranes 
surface hydrophobicity  less fouling tendency for less hydrophobic 
interactions between solute and membrane 
Operation 
conditions 
(initial) permeate flux  more rapid flux decline at higher initial flux  
pressure  increased compaction of biofilm at higher pressure 
 
Feed water properties including foulant concentration, temperature, pH, ionic strength, ionic 
composition and specific interactions between solutes (hydrogen bonding, dipole-dipole interactions) 
have influences on fouling formation. Generally, low pH, high ionic strength enhances organic fouling, 
which was principally attributed to the reduced electrostatic repulsion (Hong and Elimelech, 1997, 




) enhances organic fouling 
by forming complexes with NOM (Li and Elimelech, 2006). Seidel and Elimelech (2002) found that 
the deposited mass of humic acid in fouling cake layer was greatly increased when 1 mM Ca
2+
 was 
present in the feed solution. Furthermore, hydrophobicity, polarity and molecular charge (Braeken et 
al., 2005b, Van der Bruggen et al., 2002b, Wang and Tang, 2011) may affect fouling.  
Membrane properties play a key role in flux decline, the accumulation of fouling material and the 
composition of constituents on the membrane (Saravia et al., 2013). Hydrophilic and smooth 
membrane surface typically show the best resistance to fouling. Increasing hydrophobicity commonly 
leads to more organic fouling and increasing roughness increase colloidal fouling (Boussu et al., 2008, 
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Elimelech et al., 1997). However humic acid fouling was found largely independent of virgin 
membrane properties (Tang et al., 2007). Fouling of charged compounds also strongly depends on the 
charge of membrane but no consistent conclusions were drawn, depending on the foulant properties. 
Some stated that membrane with high zeta potential encounters less fouling (Boussu et al., 2008) 
while some claimed that uncharged or less charged membrane had lower amount of organic fouling 
(Saravia et al., 2013). Supposedly, membrane surface properties play an important role the initial 
phase of fouling, which determines the interactions between foulants and membrane. But with time 
fouling can modify the membrane surface properties which lead to the interaction between fouling 
layer and foulants in feed. After fouling with similar foulant the hydrophobicity of two different 
membranes became close (Xu et al., 2006). Humic acid may increase the hydrophobicity and negative 
charge of membrane (Mänttäri et al., 2000). Furthermore, the ratio of molecular size to membrane pore 
size is important for fouling (pass through or not). Organic fouling was found to be more severe for 
membranes with larger pore size (Nghiem and Hawkes, 2007, 2009). Saravia et al. (2013) reported 
that the concentration of ions in the membrane “pores” correlated directly with the MWCO of the 
membranes. 
Operation such as hydrodynamic condition will also affect fouling propensity. Flux performance 
depends on hydrodynamic conditions and solution composition. High initial permeate flux causes 
severe fouling by humic acid due to higher permeation drag which overcomes charge repulsion 
resulting in rapid deposition (Tang et al., 2007). Higher pressure also leads to more compaction of 
fouling layer resulting in higher resistance (Wang and Tang, 2011). Hydrodynamic condition seems to 
strongly affect biofouling regarding bacteria adhesion. The first step of biofilm formation on 
membrane is conditioning film formation and initial bacteria adhesion, which is affected by deferent 
factors such as feed composition, bacteria species, cross-flow and permeation hydrodynamics and 
membrane surface properties (Habimana et al., 2014, Semião et al., 2014). Increased permeate flux 
leads to increased initial bacterial adhesion. Membrane surface properties and bacterial growth phases 
have little impact on initial bacterial adhesion to NF and RO membranes (Semião et al., 2014). 
Heffernan et al. (2014) reported that bacteria penetrate the organic fouling layer and adhere directly to 
the membrane surface. And fouling served as an obstacle to hinder the initial bacteria adhesion, which 
means a previously formed organic fouling layer will reduce the initial bacteria adhesion. Furthermore, 
due to pressure drop along the channel affected by fouling layer, more bacteria can penetrate the 
fouling layer with higher permeate drag force and adhere to the membrane in the inlet region than in 
the rear region. In this case probably inlet region is favored for biofouling in short term, while in long 
term biofouling usually spread out to the whole module. Convective flux to the membrane overcomes 
the influences of the membrane surface properties such as roughness (Heffernan et al., 2014). Higher 
pressure also results in increasing compaction of biofilm and resistance (Dreszer et al., 2014). 
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In most real cases different fouling types occur together. Al-Amoudi and Farooque (2005) stated that a 
typical SEM micrograph of fouled NF membrane showed a combination of organic and inorganic 
matters and biofouling, as well as their corresponding electron dispersion X-rays (EDX) spectra. For 
example, carbon, phosphorous, diatoms as well as iron were observed on the membrane surface. 
Different foulants can promote or suppress each other. Synergistic effects of combined fouling were 
investigated using model substances such as silica/latex colloids, humic acid and alginate. Specific 
interactions between chemical functional groups on membrane surface and of organic foulants  was 
observed (Li and Elimelech, 2006, Mahlangu et al., 2015). Furthermore, most membranes experienced 
higher fouling in the NF of polysaccharide mixtures using model foulants humic acid, vanillin and 
high MW polysaccharides than in the single polysaccharides (Mänttäri et al., 2000). Similarly, flux 
decline in the presence of oppositely charged macromolecules (lysozyme and alginate) was much 
more severe than with single foulants (Wang and Tang, 2011). Lee et al. (2009) observed that the 
presence of dissolved organic matter reduced CaSO4 scaling. Such studies predominantly used model 
solutions. Whether the results can be transferred to realistic application requires more research because 
complex mechanisms are needed. For example, adsorption of organic foulant to the clean membrane 
surface was found only impacting the very beginning fouling stage and doesn’t have a lasting effect on 
the overall flux decline behavior (Contreras et al., 2009). In practice membrane fouling often causes 
continuous flux decline. 
2.3.2 Methods for characterizing fouling 
Traditionally fouling potential is determined by using silt density index (SDI) and modified fouling 
index (MFI) for prediction of particulate/colloidal fouling. There are also indexes for measuring the 
potential of scaling such as Langelier Saturation Index (LSI). Yet there is no suitable method for 
organic and biological fouling prediction. Feed pretreatment, membrane modification and membrane 
remediation by chemical cleaning to restore membrane fluxes have been studies and often employed to 
fight against fouling. If permeate flux decline reaches 10−15% a chemical cleaning is suggested 
(Arnal et al., 2011). But frequent cleaning may also deteriorate membrane performance. A good 
identification and characterization of foulants and fouling mechanisms is essential for effective fouling 
control. 
Autopsy study of membrane modules after realistic operation is a diagnostic tool which provides 
convincing insights for the practical application and comprehensive information such as the dominant 
type of fouling, distribution of foulants and impact of feed water chemistry (Pontié et al., 2007). It’s 
however a destructive method, normally considered when the membrane is damaged or the 
performance cannot be restored. The amount of autopsy studies has been increased in recent years 
(Beyer et al., 2014, Touffet et al., 2015, Tran et al., 2007). Diverse techniques were applied to the 
autopsied membrane sample for fouling characterization. 
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Fouling deposits can be scrapped off the membrane. Wet and dry mass of deposit can be measured. 
Organic/inorganic content can be determined after thermal treatment at 550 °C. With elemental 
analysis through combustion the mass proportion of C, H, N, O and S can be determined. 
Thermogravimetric analyzer (TGA) was used to measure the weight loss along the “temperature curve” 
(Tay et al., 2003). However it’s not a common method and has many limitations such as the material 
of polymer membrane. 
Fouling deposits can be washed off and dissolved by cleaning agent such as acid or base and measured 
using liquid analytic methods such as DOC, IC and ICP-OES (Saravia et al., 2013). SEC-OCD has 
been applied to investigate the MW distribution of foulants (Jarusutthirak and Amy, 2007). There was 
also studies which used salt solution such as sodium sulfate at high ionic strength for extraction (Her 
et al., 2007). Such analytical methods provide quantitative analysis of foulants. However, many such 
studies miss the comparison with feed water properties for the significance of foulant accumulation. 
Magnetic resonance spectroscopy may determine the chemical structure of substances. The 
13
C NMR-
spectra of NOM give the quantitative information of structure (Kimura et al., 2008, Saravia et al., 
2003). The 3-dimensional fluorescence excitation-emission matrix has also been used (Chon and Cho, 
2016). 
Foulants can also be determined by methods which directly compare the clean and fouled membranes. 
The commonly used surface characterization methods such as zeta potential, AFM and contact angle 
can show a possible change after fouling formation. Optical and scanning electron microscopy (SEM) 
can visualize the morphology and structure of fouling deposits, especially in the case of scaling. SEM 
coupled with energy dispersive X-ray spectroscopy (EDX), semi-qualitative analysis of chemical 
elements composition in fouling layer can be obtained. However, purely organic fouling and 
biofouling cannot be well defined by this method. Fourier transform infrared spectroscopy with 
Attenuated Total Reflection (ATR-FTIR) is used for measuring functional groups, which is useful to 
predict the structure of the compounds and yet difficult to identify the exact organic compounds. 
For biofouling more methods have been applied. Adenosine Triphosphate (ATP) was used 
(Vrouwenvelder and van der Kooij, 2001), which is considered an essential indicator of living bacteria 
and gives a measure of the amount of active biomass over the membrane surface. Many studies tried 
out extraction of EPS using centrifugation, ultrasonication, cation exchange resin, heating, alkaline 
reagents such as NaOH. Low effectiveness, artifacts from extraction process, hydrolysis of high MW 
compounds have been shown (Mondamert et al., 2009). Most of the studies focused on the overall 
parameters such as COD, total quantification of polysaccharides, proteins, carbohydrates, 
phospholipids, sugar content, biopolymers and size distribution, but couldn’t identify even the 
majority of these compounds (Kunacheva and Stuckey, 2014). 
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New trends are to develop non-destructive and visual on-line observation methods to study biofouling. 
Imaging has been lately an intuitive tool to study the biofilm on membrane in-situ using optical 
coherence tomography (OCT) (Dreszer et al., 2014, West et al., 2016) or confocal laser scanning 
microscopy (CLSM) (Herzberg et al., 2009, West et al., 2014). The advantage is the thickness and 
morphology can be observed non-destructively and even in real-time using designed membrane 
fouling simulators (MFS) with viewing area ― commonly a transparent window (Huang et al., 2010, 
Vrouwenvelder et al., 2006). Magnetic resonance imaging (MRI) has been recently applied to study 
biofouling in RO membranes (Creber et al., 2010, Graf von der Schulenburg et al., 2008). 
2.3.3 Major foulants of NF Fouling and potential foulants in swimming pool water treatment 
Characterization and quantification for the identity and localization of major foulants is of great 
concern. Lab-scale studies focusing on identifying the foulants usually just investigated fouling after a 
few filtration cycles in a bench-scale system. But organics accumulation on the membrane is a long-
term process. Lab experiments may not represent the real situation. A few researches have conducted 
autopsy studies and investigated membrane foulants in various feed waters. Autopsy studies have been 
mainly in drinking water production especially in desalination. 
The analysis of a first stage of RO membrane in a seawater desalination plant after two years operation 
presented biofilm of manganese and iron-oxidizing bacteria with their metabolites, where chemical 
cleaning was not successful (Schaule et al., 2009). Foulants on RO membrane after two years 
operation in brackish water treatment showed besides particles mainly Si-Al-Fe colloids, hydrophobic 
organics (phthalic acid esters) and microorganisms (Luo and Wang, 2001). Another autopsy study of 
brackish water treatment after one year experienced initial thin amorphous fouling layer which 
comprised organic-Al-P complexes with embedded aluminium silicates and further accumulation of 
EPS (Tran et al., 2007). 
NF has been applied in surface water treatment, where NOM was considered as major foulants. Earlier 
Cho et al. already reported that non-charged NOM fractions such as polysaccharides-like substances 
were important foulants in both types of source waters containing relatively hydrophilic and 
hydrophobic NOM (Cho et al., 1998). Polysaccharides and proteins were found as major foulants on 
NF membranes in natural surface water treatment for drinking water production (Her et al., 2007, 
Saravia et al., 2013, Sari and Chellam, 2013).  
As NF and RO has been increasing applied in wastewater reclamation, recently there have been more 
autopsy studies in this field with the secondary effluent as feed water. In a UF-RO system after 2 
months operation, organic fouling was found as the major problem of the RO membrane, which 
largely composed microbial-derived and humic-like organic matters, with hydrophobic acids and 
hydrophilic neutrals as the two largest fractions after resin fractionation of dissolved organic matter 
(Tang et al., 2014). In another study hydrophilic fractions were found as major constituents of the 
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desorbed NF membrane foulants (Chon et al., 2013). Dominant biofouling in combination with 
organic, colloidal fouling and scaling was found in NF and RO modules fouled by MF pretreated 
secondary effluent after 54 d operation. Polysaccharides-like substances were revealed by ATR-FTIR 
measurement and 1−10 µm precipitates were identified as calcium phosphate (Xu et al., 2010).  
The greatest scaling potential species in NF membrane are CaCO3, CaSO4 and silica, while the other 
potential scaling species are BaSO4, SrSO4, Ca3(PO4)2, ferric and aluminium hydroxides (Schäfer et al., 
2004). An autopsy study of a pilot plant for anoxic groundwater treatment found inorganically bound 
Ca and organically bound Si as the major foulants, with Fe as main contributor to irreversible fouling 
(Gwon et al., 2003). 
Fundamental understanding of dominant fouling type and involved fouling mechanisms in the 
practical applications remains incomplete. Membrane fouling in pool water treatment was little 
investigated. Swimming pool water has a different water quality in comparison with the typical feed 
water in desalination or surface water treatment. The concentration of bicarbonate is low due to the 
addition of acid and the water recirculation for long time periods. Depending on the local filling water 
and the pool water treatment, generally in pool water the organic matters are higher than in the filling 
water. Filling water is normally tap water, which contains mainly humic substances as potential 
organic foulants. Additionally, swimmers can bring solid contaminants such as hairs, skin debris/dead 
skin or fiber pieces into the pool water and also dissolved organic matter such as sweat, saliva, urine or 
personal care products. So the basic matrix of DOC in pool water includes mainly low to moderate 
molecular weight organic compounds. Furthermore, although most NOM are refractory to rapid 
biodegradation, chlorine may break organic substances down to be more biodegradable compounds 
and select the more persistent bacteria, which might facilitate the biofouling (Baker and Dudley, 1998). 
(Hambsch et al., 1993) reported higher biodegradability of humic substances after chlorination. Most 
commercial NF membranes are not chlorine resistant so the chlorine will be quenched in the feed 
before entering membrane modules. In drinking water treatment biofouling problems with 
dechlorination of feed water are quite common, not to mention the high temperature at approximately 
30°C and an enhanced nutrient offering all benefit biofouling. It can be conclude that with suitable 
pretreatment scaling should be minimized in swimming pool water treatment but organic and 
biological fouling can be a concerns. Moreover, the contribution of anthropogenic input by visitors is 
unclear. The effects of continuous water disinfection in swimming pool water on organic input with 
specific regard to biofouling have not been discussed in the literature. Furthermore, swimming pool 
water is almost entirely recirculated. Therefore the problem of comparability is particularly acute, 





 Fouling can be mainly classified to colloidal/particle fouling, scaling, organic fouling and 
biofouling, while in most real cases different types occur together. 
 Organic fouling is not well understood, which is largely due to macromolecules such as humic 
substances and their derivatives, protein and polysaccharides. 
 The properties of feed water, membrane and operation have influences on fouling formation. 
 Autopsy study of membrane modules after operation provides comprehensive information of 
fouling, which has increased in recent years. 
 Dominant fouling type and involved mechanism in different practical applications remain 
incomplete. 







3 Materials and methods 
Experiments at different locations and with different set-ups were carried out. To investigate the 
occurrence of THM and its possible correlation with visitor numbers and other parameters, water 
samples, operational data such as visitor numbers and fresh water consumption were collected at the 
public indoor swimming pool A. To determine the rejection of THM by NF membranes, dead-end 
filtration experiments were conducted in the laboratory at the Engler-Bunte-Institut (EBI). To study 
the NF membrane performance in two different pool water matrices, bench-scale cross-flow filtration 
experiments were carried out onsite at two swimming pools A and B. Finally, upscale NF experiments 
using a pilot plant and a full-scale plant were operated again at the swimming pool A. An overview of 
the main parameters of the two pools, related chapters, set-ups and membranes can be found in Table 
3.1. 
Table 3.1: Overview of the main parameters of the swimming pool A and B, related chapters, set-ups and 
membranes used. 
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DOC was taken as indicator of organic load from filling tap water and visitors in swimming pool 
water. THM and AOX were taken as indicator parameters of DBP and precursors, representing the 
load of DBP in pool water. As the regulated parameter and most typical DBP, THM was extensively 
investigated. The sum parameter AOX was measured in addition to THM to capture most of the other 
DBP. 
3.1 Description of swimming pool A and sampling strategy 
Public indoor swimming pool A consists of a standard-sized multipurpose pool (volume 741 m
3
, 
surface area 312 m
2
, recirculation flow 95 m
3





, recirculation flow 40 m
3
/h). Both pools are continuously recirculated and treated in 
parallel by the same water treatment facility with a volumetric flow of 135 m
3
/h (turnover rate approx. 
6 h). The treated water returns to the pool through 4 horizontal line-shape supply devices evenly 
distributed on the pool bottom (25 m along the length of the pool, distance between each 2.34 m). 
During the study in Chapter 4 the original treatment process at the swimming pool was in operation. It  
consisted of an inline flocculation using aluminium hydroxide based flocculant, powdered activated 
carbon (PAC) dosage and ultrafiltration (UF), which corresponds to the German Pool Water Treatment 
Standard DIN 19643-4 (DIN, 2012b) describing combination of treatment processes with UF. The UF 
is supposed to remove any particulate substances between 0.02–200 µm in water. Dosage of PAC was 
approx. 1 g/m
3
, which was 0.135 kg for one treatment passage. A simplified schematic of the pool 
water system and treatment is shown in Figure 4.2. Disinfection is performed using chlorine gas after 
UF before water is returned into the pool. The pH-value is controlled by addition of sulfuric acid. The 
UF modules are shortly backwashed a few times a day. During the backwash the mainstream treatment 
is stopped. The backwash wastewater is treated by a combination of UF-NF and recirculated to the 
main stream, contributing approx. to 1% of total treatment flow.  
The study site is a typical public swimming pool subjected to a moderate usage mainly by the local 
residents, averaging around 200 visitors per day including school pupils’ classes in the morning on 
weekdays for approximately 1.5–3 h. Intensive visits from a swimming club of around 100 people 
came every Friday night. 
Swimming pool water samples were collected regularly in short time intervals. Most samples for 
month-profile were sampled between 17 and 18 o’clock in the afternoon. Sampling consists of 
collecting water in the same place in both pools approximately 50 cm from the pool edge and 20 cm 
under the water surface. Water quality was almost the same at different sampling places. This has been 
proved by sampling at the four corners, middle and two edges of the pool. Free chlorine, total chlorine, 
pH-value and temperature were measured daily onsite. Additionally samples were taken in different 
corresponding glass bottles and transported to the laboratory for the following physical-chemical 
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analysis: DOC, THM, electrical conductivity and ions such as chloride and bromide. Samples were 
stored at T = 4 °C before measurement and were measured latest within a week. 
3.2 Swimming pool B 
University swimming pool B has only one pool (water volume 875 m
3
). In the whole recirculation 
system including treatment is about 1100 m
3
 of water. The continuous recirculation flow of 120 m
3
/h 
(turnover rate approx. 9 h). The treatment facility includes flocculation using aluminium chlorohydrate, 
multi-layer filtration and chlorination using sodium hypochlorite solution (NaClO, 15–16%). The two 
multi-layer filters running parallel (each 60 m
3
/h) consist of activated  carbon, sand and gravel, which 
are backwashed for about 7 min once a week. Backwash wastewater is discharged to the sewer. 
The pool opens only on working days. Visitors are primarily adult swimmers which consist of students, 
employees or a swimming club. The local filling tap water contains a markedly lower DOC than the 
filling water at swimming pool A. 
3.3 Nanofiltration experiments 
In total, three commercial NF membranes (described in Chapter 3.3.1) were used in different parts of 
the studies, as indicated in the next chapters for procedure description of each experiment (Chapter 
3.3.2–3.3.5). 
3.3.1 NF membranes 
Table 3.2: Properties of used nanofiltration membranes. 


























50% 500 10 -36.8 
SB90 TriSep Cellulose acetate 
blend 
80% 200 1 -10.7 
Test conditions: 
1
2000 mg/L NaCl in demineralized water, ambient temperature, dead-end filtration at 6 bar. 
2
25°C, cross-flow filtration at 8 bar, Vcrossflow = 0.22 m/s, neutral organic compounds such as sugars and 
polyethylene glycols in demineralized water. 
3
10 mM KCl, pH = 7. 
Table 3.2 summarizes the most relevant characteristics provided by the manufacturers or measured in 
the laboratory. NF90 is a high-flux thin-film composite (TFC) membrane with an aromatic polyamide 
separating layer and a supporting layer made of polysulfone on polyester. NTR-7470pHT and SB90 
are made of sulfonated polyethersulfone (PES) and cellulose acetated blend respectively. MWCO of 
the membranes was determined using 9 neutral organic compounds (ethanol, ethylene glycol, glycerin, 
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glucose, maltose, raffinose and polyethylene glycols in different molecular weight). Rejection curves 
for MWCO determination can be found in Appendix A1. Zeta potential measurement at different pH 
values can be found in Appendix A2. 
3.3.2 THM rejection by nanofiltration and the effects of adsorption and NOM fouling 
(Chapter 5) 
Laboratory-scale filtration experiments were carried out by dead-end filtration (Figure 3.1) using two 
stirred cells Amicon M2000 (Millipore), with an effective membrane area of 0.017 m
2
 and a volume of 
approx. 2.5 L. Nitrogen gas and stainless steel pressure vessels (Amicon) were used to provide the 
feed pressure. Permeate flow was calculated by measuring the mass of liquid permeating each 
membrane in 1 min by a balance (Sartorius). Three commercial NF membranes made of different 
materials were used (Table 3.2).  
 
Figure 3.1: Schematic diagram of the experimental set-up for dead-end filtration: pressure vessel and two 
stirred cells. 

















CHCl3 119.38 0.176 0.450 1.16 1.97 
CHCl2Br 163.83 0.180 0.473 1.07 2.10 
CHClBr2 208.28 0.185 0.495 0.99 2.24 
CHBr3 252.73 0.191 0.495 0.91 2.38 
1
(Agenson et al., 2003); 
2
(de Ridder, 2012); 
3
(Mackay et al., 2006). 
Feed solutions were made with demineralized water (electrical conductivity = 8.9 µS/cm). Chloroform 
and bromoform (Merck, Ph. Eur.), bromodichloromethane (≥ 97%) and dibromochloromethane (≥ 
98%) (Sigma-Aldrich) were used as target compounds. The relevant properties of the four used THM 
for filtration experiments are summarized in Table 3.3 (Agenson et al., 2003, de Ridder, 2012, Mackay 
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separate filtration experiments either with 100 µg/L chloroform or with four THM mix (CHCl3, 
CHCl2Br, CHClBr2 and CHBr3, each 100 µg/L) in the feed solution were carried out for each 
membrane. Filtration experiments were carried out at approx. 6 bar and over 6 days. 
Additionally, NOM fouling experiments were performed to study the fouling effect on THM rejection 
and adsorption. The feed solution was prepared using the NOM rich water (brown water lake Hohloh, 
Germany, 0.45 µm filtrated using PES membrane, β(DOC) = 22 mg/L) as solvent which has low ion 
content (electrical conductivity = 33 µS/cm) instead of demineralized water. All the other parameters 
remained the same. The effect of NOM fouling on THM rejection was investigated during the fouling 
layer formation and compared to the results in demineralized water tests. 
For all the experiments, 3 mM sodium chloride (NaCl) was dosed for an electrical conductivity of 
around 360–400 µS/cm as background electrolyte. Hydrochloric acid (HCl) and sodium hydroxide 
(NaOH) from company VWR, both of p.a. quality, were used to adjust the pH-value to 7. 
Samples of feed and permeate were taken intermittently. Feed samples were taken directly out of 
stirred cells through the valve to measure the actual feed THM concentration. To reduce volatilization 
of THM a closed set-up was essential in these experiments: (1) closed pressure vessels for feed 
solution was filled full to the brim; (2) by means of the air valve the stirred cells were always filled to 
the top without air bubbles; (3) feed solution in the pressure vessel was replaced every day. 
Rejection of solutes was determined as 





where cf and cp are the solute concentration in the feed and the permeate samples. THM samples were 
taken in duplicates in 40-mL glass vials which were capped with polytetrafluoroethylene (PTFE)-
faced silica septum. Besides THM rejection, permeability decline, salt and organic matter rejection 
and membrane hydrophobicity (contact angle measurement) were used to analyze the membrane 
performance. 
The amount of adsorbed THM to membranes was determined by mass balance. 
 𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 = 𝑚𝑓𝑒𝑒𝑑 − 𝑚𝑟𝑒𝑗𝑒𝑐𝑡𝑒𝑑 − 𝑚𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (3.2) 
The mass of feed and permeate was calculated through integration from the filtrated volume and 
concentration measured intermittently. The rejected mass was calculated from the volume and 
concentration measured in the remaining retentate in the stirred cells when the experiments finished. 
Furthermore, static adsorption experiments were carried out parallel to the filtration experiments to 
confirm the adsorption of THM to the membrane. A membrane with the same active area as in the 
filtration experiments was submerged in the same feed solution with four THM mix in demineralized 
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water as in the filtration experiments in 1-L brown glass bottles. The adsorbed amount was determined 
by the difference between the concentration of THM in the solution before and after 6 days contact 
time. 
Table 3.4: Overview of experiments for each membrane 
Number THM in feed THM concentration (µg/L) Solvent Experiment 
1 CHCl3 100 demineralized water filtration 
2 4 THM mix 100 each demineralized water filtration 
3 CHCl3 100 Hohloh lake water filtration 
4 4 THM mix 100 each Hohloh lake water filtration 
5 CHCl3 100 demineralized water static adsorption 
6 4 THM mix 100 each demineralized water static adsorption 
 
Table 3.4 shows an overview of the experiments for each membrane. Each test was carried out with 
new membrane samples in duplicates, parallel. Prior to the tests all membranes were cleaned with 
demineralized water for 24 h, under operating conditions at 6 bar. All the experiments were performed 
at T = 22 ± 1 °C. 
3.3.3 NF membrane fouling in two different pool water matrices (Chapter 7.1) 
To investigate the performance of chlorine-resistant NF membranes in two different pool water 
matrices, bench-scale cross-flow filtration experiments were carried out onsite at two swimming pools 
A and B. Only the two chlorine-resistant NF membranes (NTR-7470pHT and SB90) were used due to 
the present free chlorine in swimming pool water. The set-up completely made of stainless-steel has 
six flat-sheet modules parallel which allow experiments with different membranes under the same 
condition. Each module enables an active membrane area of 0.008 m
2
 (4 cm × 20 cm). The feed tank 
permits a maximum volume of 200 L. During the experiments the pretreated swimming pool water 
was continuously supplied into the feed tank through a magnetic valve controlled by a float switch, 
which maintained the water volume at about 150 L in the tank. A high pressure pump (Grundfos) 
supplied the operating pressure. The pressure on the permeate side was at atmospheric pressure. Feed 
flow was maintained at 25 L/h for each module. The mass of liquid permeating each module in 1 min 
was measured by a balance (Kern) during the experiments, which was recorded every minute together 
with pressure, temperature and flow using LabVIEW-based software. Permeate flow was thus 
calculated. All filtration experiments were conducted with a cross-flow velocity (VCF) of 0.22 m/s and 
the applied feed pressure was 8 bar. Permeate samples were taken directly from each module through 
hand valves and feed samples were taken directly from the feed tank. 
At swimming pool A the feed was pool water treated through the combination of flocculation, 
adsorption on PAC and UF (Chapter 3.1). The two membranes were tested in triplicates parallel for 
640 h. At the end all membrane samples were taken out for fouling layer characterization. At 
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swimming pool B the feed was pool water treated through flocculation and multi-layer filtration 
(Chapter 3.2). The two membranes were tested separately in two experiments with the same 
membrane in six modules parallel. In order to follow the fouling layer development, membrane 
samples were taken out for characterization after about 70 h, 230 h, and 405 h (duplicates). 
Table 3.5: Feed water properties in two experiments with NF treating swimming pool water 
Parameter Unit Swimming pool A
1
 
(n = 13) 
Swimming pool B
2 
(n = 12) 
  Mean ± SD Mean ± SD 
Temperature °C 28.9 ± 0.4 29.4 ± 0.9 
pH  7.3 ± 0.1 7.3 ± 0.2 
el. Conductivity µS/cm 700 ± 13 3387 ± 57 
Free chlorine mg/L 0.25 ± 0.06 0.06 ± 0.03 
DOC mg/L 3.3 ± 0.2 1.4 ± 0.2 
Al
3+
 mg/L 0.034 ± 0.002 0.008 ± 0.003 
Ba
2+
 mg/L 0.101 ± 0.004 0.059 ± 0.001 
Ca
2+
 mg/L 112 ± 3 206 ± 53 
Fe
n+
 mg/L < 0.01 < 0.01 
K
+ mg/L 3.8 ± 0.4 8.3 ± 1.0 
Mg
2+
 mg/L 12.0 ± 0.4 26.2 ± 4.7 
Na
+
 mg/L 21 ± 1 546 ± 73 
Si mg/L 5.9 ± 0.3 8.1 ± 0.3 
Cl
−
 mg/L 114 ± 13 613 ± 161 
ClO3
– mg/L < 0.1 49 ± 13 
NO3
–
 mg/L 3.8 ± 0.8 9.3 ± 2.7 
PO4
3−
 mg/L < 0.1 < 0.1 
SO4
2–
 mg/L 190 ± 21 649 ± 161 
HCO3
2–
 mg/L 43.0 ± 11.9 42.9 ± 4.2 
1
 pool water treated through the combination of flocculation, adsorption on PAC and UF. 
2
 pool water treated 
through flocculation and multi-layer filtration.  
The different filling water matrices and treatment process between pool A and B offered two types of 
water for fouling research. The treated swimming pool waters were used for feed as they were and no 
further chemicals were added. Water properties are listed in Table 3.5. Pool A offered a high organic 
content while pool B had only half of its DOC but much higher ionic strength. There was no 
quenching of chlorine in the feed. Free chlorine in feed was on average 0.25 mg/L and 0.06 mg/L 
respectively during the experiments. They were lower than in the swimming pool (0.3–0.6 mg/L) 
water due to the treatment process and retention in the feed tank. No antiscalant was used. 
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3.3.4 Pilot plant at swimming pool A 
UF in swimming pool A is backwashed using the permeate from UF. The backwash wastewater of UF 
is treated by a combination of UF-NF. The NF treatment was used as a pilot plant set-up for 
experiments in Chapter 6.1 and 7.2. Three 4-inch spiral wound modules of membrane SB90 (Trisep) 
were serially connected. Diamond shaped feed spacer 0.787 mm (31 mil) was used. Feed pressure was 
at 11 bar with a permeate flow of 450 L/h, a recirculation flow of 350 L/h and a concentrate flow of 
150 L/h, which gave a total recovery at 75% and the average permeability at 1.9 L/(h∙m
2
∙bar) at the 
beginning phase. The plant ran intermittently depending on the backwash frequency and the amount of 
backwash wastewater. Permeate was transported back to the mainstream and to the swimming pool. 
Water quality in feed and permeate was measured weekly during the experiment. 
To avoid scaling formation the antiscalant Genesys RC was used during the pilot-plant experiments. 
According to manufacturer’s information it’s a synergistic blend of neutralized carboxylic and 
phosphonic acids which is effective at preventing inorganic scale formation such as common scales 
calcium carbonate/sulfate, barium/strontium sulfate, calcium phosphate and metal hydroxides. The 
operation time of these membrane modules was in total 17 months (approx. 2 years with two 4-month 
summer pauses). During summer pauses the modules were conserved with sodium bisulfite. The 
modules were only once cleaned with sulfuric acid at pH 2 for 1.5 h. After the experiment the front 
module of the three was dissembled for autopsy study. 
3.3.5 Full-scale plant at swimming pool A 
Finally, for upgrade experiments in the realistic full-scale situation (Chapter 6.2–6.3 and 7.3), a full-
scale NF plant was built by the company W.E.T and integrated in the original treatment process at the 
swimming pool A (Chapter 3.1). A branch current of the mainstream out of UF was treated by NF 
while the PAC dosage was turned off (Figure 1.1). The permeate returns to the mainstream going to 
the pool. The plant has two stages, which consist of six modules in three pressure vessels in the first 
stage and four modules in two pressure vessels in the second stage (Figure 3.2). 
 
Figure 3.2: Schematic of the full-scale nanofiltration plant at the public swimming pool A. It has two 
stages, which consist of six modules in three pressure vessels in the first stage and four modules in two 
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Membrane modules NF90-4040 (DOW) were mounted in the full-scale plant based on its high 
permeability. Feed spacer 0.8636 mm (34 mil) was used. The plant was configured with the permeate 
flow of 2.5 m
3
/h, the recirculation flow of 2.5 m
3
/h and the concentrate flow of 0.625 m
3
/h, which 
corresponded to a recovery at 80%. A continuous operation of the plant covers 1.85% of the 
mainstream. At the beginning the feed pressure started at 5 bar which gave the average permeability of 
6.6 L/(h∙m
2
∙bar). An intermittent operation with different time intervals was applied aiming at the 
intensive load brought by the swimmers in rush hours. 
Free chlorine was quenched in feed using sodium bisulfite. Antiscalant ROPUR RPI 3000A was dosed, 
which is a stabilized solution of organic phosphonates and polyacrylates. According to the 
manufacture’s information it’s specially designed to inhibit the scaling in RO with polyamide, CA and 
polyether membranes with anionically charged surface, which can inhibit calcium sulfate/carbonate 
and stabilize barium/strontium sulfate as well as iron. Sodium bicarbonate was added in the permeate 
flow before entering the mainstream. Operating parameters such as pressure, flow and temperature 
were read manually once a day. Feed and permeate were sampled at least once a week. Not only the 
performance of the NF plant but also correlation between the NF treatment and water quality in 
swimming pool was also monitored. Water samples from the swimming pool were taken every day 
during operation time. Different parameters such as DOC, THM, AOX, free and bound chlorine, pH-
value, electrical conductivity, UV and ions were measured in different intervals.  
During the operation time for 8 months (236 d) chemical cleaning using alkaline surfactants was 
carried out once after 6 months. After 8 months operation a front membrane module from the first 
stage and a second one from a rear position were dissembled for autopsy study. 
3.4 Characterization of fouling layer  
3.4.1 Fouling layer analysis of bench-scale flat-sheet membranes 
After experiments at swimming pool, membrane samples from the bench-scale flat-sheet set-up were 
taken out and brought back to the laboratory immediately. The 4 cm × 20 cm active area of membrane 
sample was cut into four times of 4 cm × 5 cm parts, from which two were dissolved in 0.01 M 
sodium hydroxide (NaOH) for organic carbon analysis and the other two were dissolved in 0.01 M 
nitric acid (HNO3) for analysis of ions (Saravia et al., 2013). The remaining fouled membrane samples 
of duplicates or triplicates were room temperature dried and analyzed with contact angle, scanning 
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). 
3.4.2 Autopsy procedure of fouled membrane modules 
After long time operation in swimming pool A, membrane modules were taken out, carefully packed 
to avoid the dry out and brought back for destructive analysis (autopsy study) in the laboratory. Before 




Figure 3.3: Three zones of the membrane modules separated along the flow direction 
The two tight bound ends of spiral membrane modules were cut off and the hard crust was cut 
lengthwise using a circular saw in order to open the module without damaging the membrane and 
fouling layer inside. The carefully unrolled membrane and feed spacer was cut into three parts to 
separate different zones along the flow direction as “front”, “middle” and “end” (Figure 3.3). Samples 
were taken where the fouling deposited was well preserved. 
To characterize the surface properties, samples of fouled membrane were characterized using scanning 
microscopy coupled with energy dispersive spectroscopy, Fourier transform infrared spectroscopy 
with attenuated total reflection, confocal laser scanning microscopy, zeta potential measurement and 
contact angle measurement. Fouling deposits on the membrane surface were carefully scraped off 
using a Teflon rod scraper. With the help of clean membrane pieces of the same type, which were 
fixed on the sides as support, fouling layer on the membrane surface is supposed to be scrapped off 
without damaging the membrane and scrapping trace pieces of membrane material off (Gorenflo et al., 
2001). The scrapped fouling deposit was weighed immediately and then weighed again after being 
heated at 110 °C overnight and at 550 °C for 4 h. Dry and organic mass of fouling deposits were 
thereby calculated. The fouled membrane “as it is”, the scraped fouling deposit and the membrane 
after being scrapped were all inserted in 0.01 M HNO3 or 0.01 M NaOH solution for further analysis 
of organic carbon and ions respectively, after the fouling deposit was dissolved. Solutions were 
prepared with ultrapure water (referred as Milli-Q water), which was produced at resistivity 18.2 
MΩ/cm (Veolia Water/Purelab Flex, Ireland). Extracted deposit was calculated back based on mass 
balance and normalized to the membrane area. All the analysis was carried out in triplicates. 
Furthermore, large amount of fouling deposit were scrapped off and measured by elemental analysis to 
determine the proportion of C, H, N, O, and S in the fouling deposit.  
3.5 Analytical methods 
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3.5.1 pH-value, electrical conductivity 
Electrical conductivity and pH-value were measured using a WTW multi set 350i or a WTW 
multiparameter instrument MultiLab P4 with the electrodes TetraCon®325 and SenTix 41 respectively. 
The calibration was carried out once a week during experiments. 
3.5.2 Dissolved organic carbon (DOC) 
DOC was measured either using a Shimadzu Total Carbon Analyzer TOC VCSN with combustion 
catalytic oxidation method or a Sievers TOC 820 with wet chemical oxidation method depending on 
the concentration of samples. The concentration range according to the available calibrations is 0.2–50 
mg/L and 0.05–5 mg/L respectively. 
DOC was also characterized using size exclusion chromatography with organic carbon detection 
(SEC-OCD). The gel-chromatographic separation of the organic substances was done through a 
Fractogel® TSK HW-50 S-column (Grom). The separation was primarily according to the molecular 
size of the molecules: the bigger the molecules, the sooner the elution through the column. Smaller 
molecules penetrate deep into the pores so they elute later. This separation principle will be influenced 
by secondary effects such as hydrophobic and electrostatic interaction (Huber and Frimmel, 1994). 
Phosphate eluent solution (1.5 g/L Na2HPO4·2H2O and 2.5 g/L KH2PO4) was used as the mobile phase 
with a flow rate of 1 mL/min. Online detectors for organic carbon, UV absorbance at λ = 254 nm and 
variable fluorescence could provide the comprehensive information such as the size distribution of 
organic substances in the sample. The main components of organic carbon detection are the Graentzel 
Thin-Film Reactor where the organic carbon was exposed to UV radiation and oxidized to carbon 
dioxide and non-dispersive IR-Detector (NDIR). 
3.5.3 Anions, cations and other elements 
Anions were measured by ion chromatography (IC) using Metrohm 790 Personal IC with the 
analytical column Metrosep Anion Dual 3 - 100/4.0. The concentration range in calibration is 0.1–100 
mg/L. Metal cations; silica, phosphor and sulfur were measured using inductively coupled plasma 
optical emission spectroscopy (ICP-OES) with a Vista-Pro CCD simultaneous ICP-OES spectrometer 
(Varian). The limit of detection is 10 µg/L for metal ions and 40 µg/L for phosphorus. 
3.5.4 Chlorine 
Free and total chlorine were determined using a photometric-test (Spectroquant® cell test Nr. 100597) 
with a photometer photoLab S12 (WTW). The method is based on a colorimetric analysis (Dipropyl-
p-phenylendiamine, DPD method). A small spatula of DPD was added into 5 mL water sample in a 
round cuvette, which creates a pink color to be then measured by the photometer. Total chlorine can be 
measured afterwards by adding 2 drops of potassium chloride for a redox reaction of the bound 
chlorine. Applicable range was 0.03–6.00 mg/L free chlorine. Bound chlorine was determined from 
the difference between total chlorine and free chlorine. 
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3.5.5 Trihalomethane (THM) 
THM samples were collected in duplicates in 40-mL glass vials and were capped with 
polytetrafluoroethylene (PTFE)-faced silica septum. Sodium thiosulfate was added to quench the 
residual free chlorine according to the German DIN-Norm 38407-30 (DIN, 2007). Sampling vials 
were carefully filled and sealed without air bubbles (headspace free). The determination of THM was 
carried out using a headspace sampling capillary gas chromatograph (Agilent HP 6890, column DB-
5MS) with electron capture detection. The limit of detection were set to 0.4 µg/L for chloroform, 0.2 
µg/L for bromodichloromethane, 0.5 µg/L for dibromochloromethane and 0.7 µg/L for bromoform. 
Each sample was measured at least twice.  
3.5.6 Absorbable organically bound halogens adsorbable on activated carbon (AOX) 
The concentration of AOX was determined with the TOX analyzer Euroglas ECS 1200 (Thermo 
Electron GmbH) according to the DIN EN ISO 9562 (DIN, 2005). Sodium thiosulfate was added to 
the water samples directly during sampling to quench the rest free chlorine. 100 mL water sample was 
mixed with 5 mL sodium nitrate solution (0.2 mol/L NaNO3 and 0.02 mol/L HNO3) in a 250 mL 
Erlenmeyer flask. 50 mg powdered activated carbon (PAC) was added and the closed flask was shaken 
horizontally for at least 3 h. The loaded PAC was filtrated out by a glass frit, washed with nitrate wash 
solution (0.01 mol/L) and burned at 1000 °C in the TOX analyzer. The produced hydrogen halides 
from organic bound halogens were detected with the micro coulometric titration method. 4-
chlorphenol was used as standard. The detection range was 50–200 µg/L with a deviation of ± 10%. 
3.5.7 Formation potential of THM and AOX 
The rest maximum formation potential of THM (THMFP) and of AOX (AOXFP) was measured to 
analyze to what extent new THM and AOX can be formed from the investigated pool water. The 
method used in this study is according to DVGW-Worksheet standard W 295 (DVGW, 1997). 
Samples of swimming pool water were taken freshly in 1-liter brown reagent bottles full to the brim, 
which were made free of chlorine consumption before sampling. In each bottle 20 ± 0.3 mg/L free 
chlorine was dosed using sodium hypochlorite (12%, Roth, Germany). The same volume of water as 
the dosage of sodium hypochlorite was taken out before dosing to make the bottle headspace free. 
Each test was carried out at least in duplicates. For tap water sample the test was in triplicates. After 
46 ± 2 hours at ambient temperature (21 ± 1 °C) a minimum chlorine residual of 1 mg/L was 
confirmed and the reaction was stopped by adding an over-stoichiometric amount (one spatula, approx. 
0.3 g) of sodium thiosulfate (Merck, Germany). The THM and AOX concentrations determined in the 
solutions corresponded to the maximum THMFP and AOXFP. The rest maximum THMFP and 
AOXFP corresponds to the difference of concentration bevor and after the chlorination test. 
3.5.8 Contact angle 
Static contact angle between dried membranes and Milli-Q water was measured using the sessile drop 
method at room temperature. An optical contact angle measurement system OCA 20 (Dataphysics, 
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Germany) with integrated video and analysis function was used. At least 15 spots of each membrane 
sample were measured and averaged. The larger the contact angle is, means the more hydrophobic the 
membrane surface is. 
3.5.9 Zeta potential 
Zeta potential was measured with a SurPASS electrokinetic analyzer (Anton Paar). For the 
measurement an electrolyte solution out of 10 mM KCl was used. Membrane samples were cut to the 
dimensions of the sample holders and fixed using double-sided tape. During measurement the solution 
flows through an adjustable gap cell with the channel of 20 mm * 0.1 mm * 10 mm L/W/H. Tangential 
mode of analysis was used. The streaming potential was measured for increasing pressure from 0 to 
300 mbar in both flow directions. Zeta potential was calculated from the measured streaming current 
using the Helmholtz-Smoluchowski equation. The pH value was adjusted using HCl and KOH 
solutions. The measurements were carried out at the Institute for Nuclear Waste Disposal (INE, KIT). 
3.5.10 Scanning electron microscopy and energy dispersive X-ray spectroscopy 
Morphology of membrane surface or membrane cross-section (breaking edge) before and after fouling 
was analyzed using a scanning electron microscope (SEM) (Leo Gemini 1530, Zeiss) with the 
software SmartSEM V05.03.01. For the cross-section view, membrane samples were submerged 
shortly in isopropanol, then frozen in liquid nitrogen, broken and peeled from the supporting layer 
with two tweezers. Before the measurement air-dried or freeze-dried membrane samples were coated 
with platinum in high vacuum circumstance and fixed on a metal plate with silver drops for better 
electron conductivity. Composition of chemical elements contained in the membrane or the fouling 
layer was semi-quantitatively analyzed through energy dispersive X-ray spectroscopy (EDX). The 
measurement was carried out at the Laboratory for Electron Microscopy (LEM, KIT). 
3.5.11 Confocal laser scanning microscopy (CLSM) 
Microscopic observation and imaging acquisition of the fouled membrane samples were carried out 
using the confocal laser scanning microscopy (CLSM) to reveal the presence of biofouling. 
Microorganisms and extracellular polymeric substances (EPS) of the biofilm can be visualized. A 
confocal microscope LSM700 (Zeiss) was used. Bacteria were stained with the SYTO60 
(ThermoFisher), which is a red fluorescent nucleic acids stain. EPS glycoconjugates were marked with 
the Aleuria aurantia lectin (AAL) Fluorescein isothiocyanate (FITC) (LINARIS Biologische Produkte 
GmbH). The stock solution of SYTO60 and AAL-FITC as supplied were used at a dilution of 1:1000 
and 1:10 in Milli-Q water respectively. Fresh membrane samples were cut into approximately 1 × 1 
cm
2
 pieces and put in a Petri dish. First samples were stained with 100 µL AAL-FITC for 20 min and 
excessive stain was washed off using tap water afterwards. Then samples were counterstained with 
SYTO60 for 5 min and rinsed again. Original feed water from the membrane plant was added to 
submerge the membrane samples to avoid drying out. 
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AAL-FITC and SYTO60 were excited by laser at 488 nm and 639 nm respectively. At least five spots 
randomly chosen were measured for each membrane sample. Images were acquired using a water 
immersible objective lens (W Plan-Apochromat 40×/1.0 DIC M27) with the field of view at 266 × 266 
µm
2
. Image was obtained and analyzed using software ZEN (Zeiss). Image processing was carried out 
using software Fiji and ImageJ. Average coverage was calculated by counting the pixels and compared 
to the field dimension. Biofilm thickness was calculated from the wet biomass in the image stacks. 
3.5.12 ATR-Infrared-Fourier-Spectroscopy (ATR-FTIR) 
The functional group characteristics of membranes were measured using a Vertex 70 Fourier 
transform infrared (FTIR) spectrometer (Bruker) with an Attenuated Total Reflection (ATR) element 
of diamond crystal and a deuterated triglycine sulfate (DTGS) detector. The spectra were recorded by 
a single reflection method with 128 scans collected from 600 to 4000 cm
-1
 at a wave number 
resolution of 4 cm
-1
. A blank measurement was taken to justify the differences in instrument response 
and the atmospheric environment and subtracted from the measurement. Membrane active layer was 
pressed firmly against the diamond crystal plate. Each sample was measured at least three times. No 
further baseline corrections were applied. The measurement was carried out at the Institute for 









4 Occurrence and simulation of trihalomethanes in 
swimming pool water* 
 
*This chapter has been published in Water Research (2016), volume 88: 634‒642 in collaboration 
with F. Saravia, G. Abbt-Braun and H. Horn. 
4.1 Occurrence and correlation of DOC and THM in swimming pool water 
To investigate the occurrence of THM and its possible correlation with visitor numbers and other 
parameters, water quality including DOC, THM and other physical-chemical parameters in an indoor 
swimming pool were investigated for 26 days. DOC was assumed as precursor to link organic matter 
and THM formation. The DOC concentration was linked to the number of visitors and THM (Figure 
4.1). The profiles started on Friday, on which the numbers of daily visitors usually exceeded 330 due 
to the activity of a swimming club. The DOC concentration in swimming pool water was on average at 
3.3 mg/L. On day 12 and day 19 the DOC concentration increased to 3.7 and 4.2 mg/L respectively. 
The THM concentration varied from 13‒47 µg/L with an average value of 25 µg/L. Alike DOC, we 
observed two huge peaks of THM at nearly twice of the average concentration, but both came two 
days after the DOC peaks (day 14 and day 21). The subsequent increases of THM after DOC indicate 
a clear positive correlation between DOC and THM with a time delay about 2 days. Although this 
swimming pool has a typical turnover rate of 6 h, increase of DOC showed that the pool water 
treatment was limited in removing DOC from water. Similar result was reported by Glauner et al. 
(2004) in an outdoor swimming pool (turnover rate about 4 h). In a weekly profile the maximum 
concentration of THM followed the increase of DOC after 1–2 day. This kind of phenomenon is 
mainly due to the recirculation of pool water, which provides the long reaction time and is not 
observed in drinking water system. It’s likely to conclude that the major THM formation from DOC 
occurred in the first 48 h during reaction with chlorine. In a chlorination experiment of outdoor 
swimming pool water Glauner (2007) also pointed out that after 48 h no further increase of THM was 
observed (chlorine concentration above 2.3 mg/L). Therefore we can speculate that in a conventional 
swimming pool water treatment the major part of DOC accumulated in pool water and cannot be 
eliminated by the treatment. Besides, the major part of THM formation in a swimming pool with 
conventional water treatment takes about 2 days. The time delay should depend on the properties of 
DOC in water and the treatment, which can be different in the swimming pools with advanced 
treatment process. Zwiener et al. (2007) also pointed out that this kind of time delay is linked with the 
treatment cycles needed for efficient chlorination. 
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We noticed that peaks of THM decreased quickly on the next day when the numbers of visitors were 
high. A reasonable explanation is the enhanced loss of THM into air due to vigorous activities of the 
swimmers. Kristensen et al. (2010) has also observed by online monitoring that THMs increased 
during the closing hours and decrease during opening hours. This implies that the elimination of 
THMs from pool water correlates strongly with activity in the water, which assists the transfer of 
THMs from the water into the air by splashing. 
 
Figure 4.1: Profile of the number of visitors, DOC- and THM-concentration obtained from daily sampling 
for a period of 26 days in the indoor swimming pool water (total water volume 817 m3, water recirculation 
flow 135 m3/h). Treatment process consists of an inline flocculation, PAC dosage and UF; no PAC was 
dosed within the first sampling period 16 d. 
Interestingly, the much more intensive visits on Friday didn’t have significant effects on DOC value. 
No direct correlation was observed between DOC and the number of visitors, which is unlike some 
previous research (Chu and Nieuwenhuijsen, 2002, Glauner et al., 2004). A possible explanation is 
that the type and amount of input from visitors into swimming pool water depends significantly on 
their behavior, which might be characterized by different groups (e.g. children or adults, athletes or 
recreational swimmer, disciplined or incorrect hygienic behavior, etc.). An anonymous questionnaire 
in Italy showed different hygiene-related behaviors: Only 70.9% of visitors take a shower before 
entering the swimming pool and 13.5% of visitors have urinated at least once in a swimming pool 
(Pasquarella et al., 2014). Large variation of input from visitors into swimming pool water due to 
unhygienic behavior was also reported by Keuten et al. (2014). Compared to outdoor swimming pools 
this variation is greater in indoor swimming pools which receive more diverse visitor behaviors. We 
can conclude from our results that introduction of anthropogenic pollutants into swimming pool water 
and consequent DBP formation cannot be predicted simply from the number of visitors. To estimate 
the actual DBP formation the content of organic matter should be determined through analytic 
methods. 
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4.2 Development of THM simulation from DOC in indoor swimming pool water 
A simple mathematical model for predicting the THM concentration in indoor swimming pool water 
was proposed based on mass balance. The whole recirculation system of swimming pool water and its 
treatment process were considered. Water in the swimming pool was assumed to be completely mixed 
so that THM should be evenly distributed in the pool. The parameters for the simulation are integrated 
in the schematic of the pool water system presented in Figure 4.2. 
 
Figure 4.2: Simplified schematic of the swimming pool and the treatment process. QFW is the filling water 
inflow. QTM is the volumetric flow rate of pool water treatment (135 m
3
/h). RC is the specific ratio 
representing the production of THM from certain amount of DOC through chlorination. Kwa is the overall 
mass transfer coefficient of THM from water into air. VPool is the total water volume in the swimming pool 
(817 m
3
). A is the water surface area of swimming pool (412 m
2
). XTHM is the THM removal ratio in 
percentage during one passage of the pool water treatment process. 
 
4.2.1 Formation and removal of THM 
The change of THM concentration with time (dρTHM/dt) is driven by THM formation and removal. 
DOC was taken as a surrogate for precursors of DBP. THM formation was considered exclusively 
from the reaction of DOC with chlorine as a first order reaction and assumed to be stoichiometrically 
proportional to DOC reacted with chlorine. The specific ratio RC (µg THM/mg C) was introduced, 
representing the specific production of THM from certain amount of DOC through chlorination: 
 mTHM = RC ∙ mDOC (4.1) 
whereas mTHM is the mass of THM in µg and mDOC is the mass of DOC in mg. Removal of THM 
from swimming pool water can occur in various ways. For the THM simulation 3 different removal 
paths were considered: a) volatilization into air, b) exchange of fresh filling water, and c) removal by 






















4.2.2 Volatilization  


















swimming pools with traditional treatment process such as flocculation and sand filtration the removal 
of THM by treatment facility is rather little. The predominant THM removal is due to volatilization 
into air. Significant linear correlations of THM concentration in pool water and in indoor air were 
observed by Lourencetti et al. (2012), who indicated a continued transfer of waterborne THM into air. 
Hsu et al. (2009) observed a gradient of the THM concentration in the air along the height above water 
surface when there was no visitor in water, while there was no difference in the chloroform 
concentration in the air for 20‒250 cm above water surface when there was any visitor in water. 
Ventilation is required for indoor swimming pools. Lourencetti et al. (2012) witnessed much lower 
concentration of THM than the value calculated through Henry’s law based on equilibrium. This is 
probably due to ventilation system at the swimming pool. In this case mass transfer dominates the 
kinetic THM exchange between water and air in indoor swimming pools. The mass transfer coefficient 
is a diffusion rate constant to quantify the interphase mass transfer e.g. between water and air in this 
case. The basic mass transfer equation is: 
Mass transfer rate (M/T) = K (L/T) · interfacial area (L
2
) · driving force (M/L
3
). 
Mass transfer rate is commonly in g/s or mol/s. The driving force here is the concentration difference 
between two phases; units are g/L or mol/L. K is a proportionality factor called mass transfer 
coefficient usually in m/s or m/d. Based on two-film theory, the overall mass transfer coefficient 
considers phase boundary – air and water phase – and can be calculated from Henry’s law constant 
(HC) and mass transfer coefficient in single phases (Rousseau, 1987). The overall mass transfer 





















kw  (m/d) is the water-phase mass transfer coefficient and ka  (m/d) is the air-phase mass transfer 
coefficient. For low-solubility gases such as THM the Henry’s constant (HC) is high. And typically ka 
is considerably higher than kw, which makes Kw the preferred overall coefficient. Under these 
conditions, the resistance to interfacial mass transfer of THM is liquid-phase controlled (Rousseau, 
1987, Tan, 2014). The overall water-air mass transfer coefficient Kwa (m/d) is considered equal to Kw 
in this study. The dimensionless Henry’s constant (HC) for the average water temperature 29.4 °C was 
calculated according to the method proposed by Sander (1999). 
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4.2.3 Treatment 
THM removal can be achieved by advanced pool water treatment such as application of activated 
carbon. 
4.2.4 Exchange of fresh filling water 
To keep a certain water volume in swimming pool, water loss due to back-washing of filtration facility, 
vaporization and bather activities is reflected in the amount of fresh filling water, which should be at 
least 0.03 m
3
 per swimmer according to DIN 19643-1 (2012a). In general tap water is used for filling 
the pool, where much frequently there is little THM. This exchange with fresh filling water reduces 
the THM concentration in pool water, which is also occasionally applied in practice to achieve a better 
water quality. In Germany the drinking water treatment often doesn’t apply chlorine. Therefore tap 
water commonly doesn’t contain or contain very little THM. Tap water at the studied swimming pool 
has THM < 0.4 µg/L. Therefore in this study the addition of filling water was considered to cause a 
reduction on THM concentration. 
4.2.5 Mass balance 
In summary, removal of THM from swimming pool water includes: volatilization into air, removal by 




 𝑘 = (Kwa ∙ A + XTHM ∙ QTM + QFW)/VPool (4.4) 
Kwa (m/d) is the overall mass transfer coefficient of THM from water into air. A (m
2
) is the water 
surface area of swimming pool. XTHM describes the THM removal ratio (in percentage) during one 
passage of the pool water treatment process. QTM (m
3
/d) is the volumetric flow rate of pool water 
treatment. QFW (m
3
/d) is the filling water inflow. VPool (m
3
) is the total water volume in the swimming 
pool. Based on equation (4.1) and using k from equation (4.4) a simple relation based on mass balance 





 = 𝑅C ∙ ρDOC  − 𝑘 ∙ ρTHM(t) 
(4.5) 
ρDOC (mg/L) and ρTHM (µg/L) are the DOC and THM concentrations in pool water. The first part 
Rc ∙ ρ
DOC
 represents the THM production and the second part k ∙ ρ
THM
(t) stands for THM removal. 
Temperature, chlorine concentration and pH-value were assumed to be constant to simplify the 
simulation as they are usually very stable in indoor swimming pool water. The values of simulation 
parameters were obtained by our field research and experimental results (Chapter 4.3). Simulation 
results were evaluated using the normalized mean bias and mean fractional bias. 
 
42 
4.3 Determination of parameters for the THM simulation 
Parameters for the THM simulation were determined using data from field research, laboratory 
analysis and literature. In the studied pool water temperature was kept at 28.7‒29.6 °C and pH was 
most of the time at 7.1 with a range of 6.9–7.5 (Table 4.1). Therefore it is realistic to assume the 
temperature, pH-value and chlorine concentration to be constant for simplifying the simulation. DOC 
concentration was measured daily. 
Table 4.1: Physical and chemical parameters of swimming pool and filling water during the period of the 
study. 
Parameter Unit Swimming pool water 
(n = 26) 
Filling water 
(n = 14) 
  Mean ± SD Range Mean ± SD Range 
pH  7.1 ± 0.1 6.9‒7.5 7.6 ± 0.2 7.6‒7.8 
Br
-
 mg/L < 0.1 < 0.1 < 0.1 < 0.3 
Cl
-
 mg/L 66 ± 14 40‒86 31 ± 1 29‒33 
Free chlorine mg/L 0.4 ± 0.1 0.3‒0.6 < 0.1 < 0.1 
DOC mg/L 3.3 ± 0.3 2.9‒4.2 2.7 ± 0.2 2.2‒3.0 
Temperature °C 29.4 ± 0.3 28.7‒29.6 n. d. n. d. 
n. d.: not determined, SD: standard deviation of the sampling distribution 
THM formation was considered as a first order reaction and assumed to be stoichiometrically 
proportional to DOC reacting with chlorine. According to the observed time delay between DOC and 
THM occurrences in this study, THM formation can be assumed to be the product of the specific ratio 
RC (µg THM/mg C) and DOC concentration from two days before (ρDOC, t-2d): 
 ρ
THM
(t) = RC ∙ ρDOC, t-2d (4.6) 
The rest maximum formation potential of THM (THMFP) of the native swimming pool water for a 
reaction time of 46 ± 2 h was determined in the laboratory. RC was set to the ratio of THMFP/DOC, 
assuming a maximum THM formation from DOC in two days. THMFP test was carried out 5 times on 
different days to gain the mean value (23.8 ± 2.4 µg THM/mg C). Comparison with data found or 
calculated from literature shown in Table 4.2 indicates a good compliance despite the huge variance. 
In reality, water source, type of organic precursors, pre-oxidation, pre-disinfection or other treatment 
steps can all affect the DBP species and formation. The steady-state level depends more on the 
characteristics of the carbon source than on the organic carbon loading rate (Judd, 2003). RC should be 
always determined using the actual water to be studied. 
The mass balance of THM in swimming pool (Equation (4.5)) can be expressed as: 
 dρTHM(t)
dt
 = RC ∙ ρDOC, t-2d  −  k ∙ ρTHM(t) 
(4.7) 
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The measured THM concentration on day 1 was used as ρTHM,0 (start value of the simulation). 
Variables for k  (= (K
wa
 ∙ A + XTHM ∙ QTM + QFW)/VPool) were determined separately. 
Table 4.2: Specific THM formation ratio RC (µg THM/mg C) found or calculated from literature. 
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a) Volatilization (Kwa) 
Typically there are two air exchanges per hour at a fresh air supply of 50% for ventilation in an indoor 
swimming pool in Germany (Schmalz et al., 2011). In this study a uniform indoor airflow for the 
whole room was assumed. Frequently chloroform dominates in the total THM (Bessonneau et al., 
2011, Simard et al., 2013). In our study we found exclusively chloroform and bromodichloromethane 
present. Chloroform accounts more than 95% by mass (Table 4.3). Therefore one general overall mass 
transfer coefficient Kwa is assumed here for the total THM. A general airflow velocity in indoor 
swimming pool was reported for 0.05–0.35 m/s from field survey (Hsu et al., 2009). Based on 
formulas provided by Guo and Roache (2003) using the airflow velocity of 0.35 m/h and the average 
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water current velocity of 2 m/s in swimming pool (Toussaint and Truijens, 2005), the Kwa of 
chloroform was calculated to be 0.132 m/h. Besides, a Kwa value of 0.378 m/h could be calculated by 
mass transfer coefficients for chloroform in water and air of an indoor swimming pool reported by 
Dyck et al. (2011). In this study, Kwa was set to be 0.237 m/h by fitting the simulated data to the 
measured THM concentrations. This value is within the range that gained from literature. The removal 
coefficient k depends mainly on Kwa due to the high volatilization rate of THM. 
Table 4.3: Single species of THM in the indoor swimming pool water and filling water for the first 
sampling period of 26 d. 
Parameter Unit Swimming pool water 
(n = 26) 
Filling water 
(n = 14) 
  Mean ± SD  Range  
CHCl3 µg/L 24.2 ± 7.2 12.3‒45.7 < 0.4 
CHCl2Br µg/L 1.4 ± 0.3 0.8‒2.1 < 0.2 
CHClBr2 µg/L < 0.5 < 0.5 < 0.5 
CHBr3 µg/L < 0.7 < 0.7 < 0.7 
SD: standard deviation of the sampling distribution 
b) Treatment (XTHM) 
PAC was dosed before UF, which should have a certain effect on removal of THM considered as 
removal ratio XTHM. The dosage of PAC was absent in the first 16 days. By sampling at the inlet and 
outlet of treatment process no elimination of THM was observed. After the day 17, PAC has been 
dosed. The elimination of THM by PAC could be distinguished as 1% during one treatment passage. 
This value was used for simulation as elimination efficiency of THM (XTHM) after the day 17. The low 
elimination rate can be attributed to the short contact time with PAC during the treatment passage, 
which is only approximately 20 s. It explains also the occurrence of high THM-concentration in the 
pool water which could not be removed by PAC. 
c) Exchange of fresh filling water (QFW) 
The amount of daily filling water QFW was provided by the swimming pool staff, averaging 
approximately 21 m
3
/d during our study. In this study exchange with filling water was assumed to 
have only removal effect on THM. However, for the locations with tap water containing THM it 
should be considered in the water exchange.  
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Figure 4.3: Measured and fitted THM concentrations in the indoor swimming pool water for the first 
sampling period. 
The comparison of measured and fitted THM concentrations in pool water is shown in Figure 4.3. The 
general level of simulated and measured data fits with each other. The appearance of THM peaks 
could be predicted on the right day. However, the expressively high concentrations of THM peaks 
could not be predicted, which may attribute to underestimation of the reactivity of some organic 
matters with chlorine, probably brought into pool water by pool visitors. The simulation can be 
improved only if more information about the formation rate between different DOC constituents and 
THM is gained. Nevertheless, at the end the predicted value on day 28 fit very well with the measured 
value despite that there was a gap of measurement on day 27. 
4.4 Validation of simulation 
Validation of model requires assessing the effectiveness of the fitted equation against an independent 
set of data. To validate the simulation we used the data from further sampling for 50 days. Simulation 
started with the measured THM concentration on day 2 because of the delay between DOC 
concentration and THM formation. Comparison between measured and simulated THM concentration 
are presented in Figure 4.4. The simulated and measured THM concentrations were generally in good 
agreement. The simulated results represented well the tendency of THM accumulation and removal for 
most of the THM peaks. Slight overestimation appeared on day 27‒31 and day 35‒36, which may be 
attributed to the underestimation of the various contributions of visitors’ movement to the 
volatilization. The movement behavior of visitors in swimming pool could strongly affect the 
volatilization rate of THM into air in indoor swimming pools (Hsu et al., 2009, Kristensen et al., 2010). 
In addition, the expressively high THM-concentration (> 40µg/L) during the first sampling period 
(Figure 4.3) were not observed in these 50 days (Figure 4.4). We may again speculate that the 
excessive THM-concentration might be a short-term value due to some reactive organic matters. In the 
later time after day 37 the development tendency of THM was again well approved by the actual 






















measurement. Normalized mean bias (NMB) and mean fractional bias (MFB) were calculated as 
described by Dyck et al. (2011): 
 
















𝑖=1 ∙ 100 
(4.10) 
The NMB and MFB of predicted THM were 1.6% and 1.5%, which presented a close simulation. The 
validated simulation confirms that DOC concentration has a dominant effect on THM concentration in 
swimming pool water after two days. A sensitivity analysis was performed for the key parameters RC 
and Kwa for the second period of 50 days (Appendix, Figure A3). The sensitivity analysis indicates that 
increase and decrease of RC has a linear effect on the simulation. Kwa is more sensitive for lower 
values and tends to overestimate the THM concentration. When Kwa decreases more than -30%, the 
overestimation of THM increases significantly. Increase of Kwa has a lower impact and tends to be less 
sensitive when the change is higher than 30%. 
 
Figure 4.4: Validation for measured and simulated THM concentrations in the indoor swimming pool 
water for a further period of 50 d. 
A simulation of THM in swimming pool water by the use of kinetic coefficient relating them to actual 
water quality and operational parameters was established. Formation ratio RC of THM gained in 
laboratory analysis using native pool water and field sampling for relating the coefficients to 
operational parameters reduced the uncertainty of prediction. Establishing the formation ratio 
improves our understanding of the role of DOC in the THM formation which can help to manage DBP 
precursors in source and pool water. The unknown various activities of pool visitors and different type 
of organic matter are critical for THM simulation. Intensive activities contribute significantly to the 
volatilization of THM, which leads to an overestimation of THM concentration by the simulation 
model. The different reactive organic matters brought by visitors are associated with different THM 
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formation potential, which affects also the accuracy of simulated results. It’s been indicated that 
fractions of DOC has various THMFP (Glauner et al., 2005b). Therefore determination of RC should 
use the native pool water to obtain reliable simulation results. Moreover, recently haloacetic acids 
(HAA) have gained much attention. The reported HAA concentrations in swimming pool water are 
much higher than those for THM, possibly because the formation potential of HAA is higher and 
HAA are much less volatile than THM (Chowdhury et al., 2014). If the pool water treatment is not 
able to remove HAA and/or their precursors, an accumulation will be probably observed. Due to the 
much lower volatility the modeling of HAA in swimming pool water could also be feasible using a 
similar approach based on mass balance. 
This simulation model provides a useful method for predicting THM concentration in indoor 
swimming pool water for a given concrete scenario. With a reduced amount of data required such as a 
few times of THMFP tests and determination of THM removal by the existing treatment process, 
formation trend of THM under indoor swimming pool water conditions can be estimated even for long 
term. For conventional pool water treatment process the low THM removal rate can be neglected. 
4.5 Summary 
The formation of THM in swimming pool water showed a clear positive correlation to DOC with a 
time delay in this study, which is related to the treatment process. For conventional swimming pool 
treatment process the major part of THM formation is within 2 days. DOC proved to be a suitable 
parameter for precursor to predict THM production when reaction time of 2 days is considered. 
Number of visitor is not reliable to estimate the organic load brought into water and to predict THM 
formation. For the first time we developed a simple simulation based on mass balance for predicting 
the THM concentration in indoor swimming pool water. The model can be used to estimate THM 
concentration under real indoor swimming pool water conditions with a reduced amount of data 
required. In the simulation, production of THM from reaction of DOC and chlorine, lose into air and 
elimination by pool water treatment were considered. The simulated results were generally in well 
agreement with measurements in reality and in good compliance with published characteristics. The 
unknown variance of characteristics of DOC and activities of visitors contributed to the deviation 
between the measurement and the simulation. Practically the model can be useful in conducting 
health-related risk assessment concerning exposure to DBP and in estimating infrastructure needs for 
upgrading treatment facilities. The production of THM from DOC is slow compared to a typical 
turnover rate of swimming pool water. Therefore, a quick removal of organic precursors through pool 










5 THM rejection by nanofiltration membranes and 
the effects of adsorption and NOM fouling* 
 
*This chapter has been submitted to peer reviewed journal in collaboration with F. Saravia, K. Bock, 
M. Pelikan, G. Abbt-Braun and H. Horn. 
 
Experiments were carried out in the laboratory to evaluate the THM rejection by NF and the effects of 
adsorption on rejection performance. Considering the volatility of THM, filtration experiments were 
carried out in a closed set-up using pressure vessels and stirred cells. Three NF membranes with 
similar or smaller MWCO than the molecular weight of THM were investigated. Additionally, fouling 
experiments were performed to study the effects of NOM in feed and the fouling layer on rejection 
performance. The THM-adsorption on membranes was calculated by mass balance. Membrane 
material, surface morphology and hydrophobicity were characterized. 
5.1 Rejection of THM 
Figure 5.1 shows the results of the THM rejection over permeate volume from the filtration 
experiments with THM in demineralized water for the three membranes. (a) to (c) are the experiments 
with CHCl3 alone (experiment number 1). Membranes NF90 and NTR-7470pHT showed a high initial 
CHCl3 rejection (> 90%), whereas SB90 presented an initial rejection of about 30%. Rejection value 
by all membranes decreased quickly during filtration and reached steady-state after different filtrated 
volume. The rejection decline was significantly more quickly for SB90 (10 h) and most slowly for 
NTR-7470pHT (50 h). The rapid decline of initial rejection indicates adsorption of CHCl3 to 
membranes. At steady-state NF90 rejected 30% of CHCl3 and the other two membranes had no CHCl3 
rejection. 
Figure 5.1, (d) to (e) are the experiments with the four THM mix in the feed (experiment number 2). 
Similar to results of CHCl3, the rejection of all four THM appeared to decrease from the beginning of 
filtration for all membranes. The rejection decline profiles of four THM were well separated from each 
other for NF90 and NTR-7470pHT. The more brominated the THM were, the later the rejection 
reached the steady-state and the higher adsorption capacity the membrane has. The rejection of CHBr3 
reached the steady-state even after 5 days for NF90 and NTR-7470pHT. Comparing the results of 
CHCl3 alone and of CHCl3 in the THM mix, the CHCl3 rejection reached the steady-state sooner when 
it was in the THM mix than when it was alone. This “acceleration” due to presence of other THM was 
most apparent for NTR-7470pHT. NF90 had the steady-state rejection of 33%, 36%, 42% and 49% for 
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CHCl3, CHCl2Br, CHClBr2 and CHBr3 respectively. NTR-7470pHT and SB90 showed no rejection of 
THM at steady-state. 
During fouling experiments (experiment numbers 3 and 4) the profile of rejection decline over 
permeate volume was very close to those in the experiments 1 and 2 with demineralized water (data 
not shown). At the end of each fouling experiment the organic fouling layer on the membrane was 
very obvious (Appendix Figure A4). DOC from NOM rich lake water could be well rejected (> 90%) 
but little effect on the THM rejection during the rejection decline course or on the steady-state 
rejection was observed. 
 
Figure 5.1: Rejection of chloroform by (a) NF90, (b) NTR-7470pHT and (c) SB90 and rejection of four 
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5.2 Adsorption of THM 
The absorbed amount of THM during filtration experiments is shown in Table 5.1. Adsorption to the 
filtration device (stirred cells) can be neglected considering the quick saturation of SB90. The more 
brominated the THM, the higher the adsorption, which confirmed the results of rejection decline 
profiles in which CHBr3 reached the steady-state at latest. According to the molecular properties of 
THM (Table 3.3), molecular weight, length and width as well as log Kow all exhibited a positive 
correlation with the adsorption. NF90 presented the highest THM adsorption capacity followed by 
NTR-7470pHT. The amount of THM adsorbed to SB90 was less than 10% of the amount adsorbed to 
NF90 and thus corresponding to the much quicker rejection decline profiles of SB90. 
Table 5.1: Results of adsorbed THM during filtration experiments 
Membrane Exp. number THM in Feed Adsorbed mass (mg/m
2
) 
   CHCl3 CHCl2Br CHClBr2 CHBr3 
NF90  1 CHCl3 27 ± 3    
2 THM mix 29 ± 2 37 ± 2 49 ± 2 83 ± 4 
3 CHCl3, fouling 25 ± 3    
4 THM mix, fouling 18 ± 2 32 ± 2 47 ± 2 86 ± 4 
NTR-7470pHT 1 CHCl3 24 ± 1    
2 THM mix 15 ± 1 18 ± 1 42 ± 2 74 ± 4 
3 CHCl3, fouling 25 ± 2    
4 THM mix, fouling 13 ± 1 18 ± 1 38 ± 2 73 ± 4 
SB90 1 CHCl3 1.6 ± 0.1    
2 THM mix 1.2 ± 0.1 2.5 ± 0.1 3.8 ± 0.2 5.4 ± 0.3 
3 CHCl3, fouling 1.8 ± 0.2    
4 THM mix, fouling 1.3 ± 0.1 3.1 ± 0.1 5.0 ± 0.2 4.4 ± 0.2 
 
Comparing the results of CHCl3 alone and THM mix during filtration experiments with demineralized 
water, the adsorbed mass of CHCl3 was nearly the same for the membrane NF90. Interestingly for the 
membrane NTR-7470pHT, when the feed contains CHCl3 alone, CHCl3 adsorbed 60% more than 
when it was present in the THM mix. Similar phenomenon was also observed for the membrane SB90 
but only to a lesser extent. A possible explanation can be that competitive adsorption between four 
THM molecules led to less adsorption of CHCl3. 
The influence of fouling on adsorption was also studied and compared to the experiments with 
demineralized water. When there was CHCl3 alone, organic fouling didn’t change the adsorbed 
amount obviously. In the case of THM mix, the three membranes showed different behaviors. For 
NF90, CHCl3 and CHCl2Br adsorbed less when there was organic fouling. NTR-7470pHT didn’t 
present a difference in adsorption with or without fouling. For SB90 the adsorption seemed to increase 
when there was fouling except for CHBr3. 
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Table 5.2: Results of static adsorption experiments 





CHCl3 CHCl2Br CHClBr2 CHBr3 
NF90  5 CHCl3 alone 3.9 ± 0.1 
   
6 THM mix 3.7 ± 0.1 4.6 ± 0.1 5.0 ± 0.1 5.6 ± 0.1 
NTR-7470pHT 5 CHCl3 alone 4.8 ± 0.6 
   
6 THM mix 3.5 ± 0.1 4.0 ± 0.1 4.1 ± 0.1 4.6 ± 0.1 
SB90 5 CHCl3 alone 0.7 ± 0.1 
   
6 THM mix 0.6 ± 0.1 0.4 ± 0.1 0.5 ± 0.2 0.8 ± 0.2 
 
Static adsorption test was performed to quantify the adsorption of THM to the membranes only from 
the surface contact with membrane. The same feed solution with four THM mix in demineralized 
water was used. Table 5.2 presented the adsorbed amounts of CHCl3 and the THM mix. Similar to the 
results of filtration experiments for NTR-7470pHT (Table 5.1), the adsorbed CHCl3 was higher when 
it was alone than when it was in the THM mix. For the other two membranes this trend was minimal. 
Generally the adsorbed THM mass in the membrane during the static adsorption test was much lower 
than those in the filtration experiments, thus the competitive adsorption between the different THM 
and the trend with increasing bromide content is less obvious. In static adsorption experiments the 
molecular diffusion was the only driving force and the concentration of THM in the solution decrease 
with time. Therefore the driving force was lower than in the filtration experiments, in which fresh feed 
solution was always added to the system and the THM concentration was constant with time. 
5.3 Characterization of membranes 
 
Figure 5.2:  SEM measurement of the three nanofiltration membranes (virgin) 
SEM images (Figure 5.2) showed the significant rougher surface of NF90 and the smooth surface of 
NTR-7470pHT and SB90. Roughness data of the membrane surface were found in literature (Alturki 
et al., 2010, Klüpfel, 2012, Nghiem et al., 2008, Xu et al., 2010) and the hydrophobicity of the surface 
of membranes, by measuring the contact angle, was analyzed (Table 5.3). As expected from the SEM 
images NF90 presented higher roughness values than SB90. Although no information for NTR-7470 
was found, according to SEM pictures we can expect that the roughness should be similar as SB90. 
Hydrophobicity of virgin membranes was similar for all investigated membranes. After fouling all 
NF90  NTR-7470pHT SB90
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membranes became more hydrophobic and the contact angles were still close to each other. The high 
deviation of contact angles for NF90 after fouling was probably due to the uneven distribution of the 
fouling layer. Unfortunately these surface properties couldn’t be correlated to the adsorption capacity 
of the membranes. 
Table 5.3: Characterization of three used nanofiltration membranes 
 Roughness  Contact angle
1
 (°) 
 (nm) virgin membrane  after fouling experiments 
NF90 63–77
2
 66 ± 3 85 ± 12 
NTR-7470pHT no data 62 ± 3 95 ± 6 
SB90 9.8
3
 59 ± 4 95 ± 4 
1
Sessile drop method. 
2




Figure 5.3: ATR-FTIR spectra of the three nanofiltration membranes (virgin) over 600‒200 cm
−1
. 
Infrared spectroscopy was measured for virgin membranes and presented in Figure 5.3. The functional 
groups of membrane polymer were interpreted based on wave number. For NF90 amide I (C=O 
stretching, 1663 cm
-1
), aromatic amide (1609 cm
-1
) and amide II (N–H bending, 1543 cm
-1
) peaks 
belong to the main features of polyamide (Koichi and John, 2003, Tang et al., 2009). Since the ATR-
FTIR measurement penetrates the membrane to 6-10 µm and goes through the thin polyamide layer of 
NF90 to the polysulfone layer underneath, NF90 and NTR-7470pHT presented, except for the amide 
groups, very similar spectra. Polysulfone and polyethersulfone share common structures featuring the 
Ar–SO2– and Ar–O– functional groups, which was revealed by aromatic ether band (1240 and 1107 
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) (Klüpfel, 2012), aromatic ring (C–C stretching motion, 1585, 1487 and 1169 cm
-1
) and 
symmetric O=S=O stretching (1152 cm
-1
). And the asymmetric O=S=O vibrations at around 1325 cm
-1
 
should split into three bands, 1324, 1307 and 1294 cm
-1
 for polysulfone in NF90 and 1324, 1295, 1289 
cm
-1
 (shoulder, not apparent here) for polyethersulfone in NTR-7470pHT (Koichi and John, 2003). 
SB90 presented a completely different spectrum, which distinguished by an ester carbonyl with C=O 
stretching (1736 cm
-1
), methyl groups on the acetate group (1369 cm
-1
), a strong C–O–C stretching 
(1219 cm
-1
) and pyranose ether band (1036 cm
-1
) (Koichi and John, 2003, Murphy and de Pinho, 
1995). ATR-FTIR results showed that both NF90 and NTR-7470pHT which had high adsorption 
THM capacity also have similar functional groups in terms of membrane/membrane support material. 
5.4 Discussion 
5.4.1 Effect of molecular properties on adsorption 
The amount of adsorbed THM to NF90 and NTR-7470pHT, compared to similar studies found for 
organic compounds adsorption (Steinle-Darling et al., 2010), is relatively high. As previously 
mentioned, less polar and hydrophobic compounds tend to adsorb to the hydrophobic membrane 
polymer. All four THM have hydrophobic characteristics with log Kow > 2 (Kimura et al., 2003a) and 
are relatively less polar, both features increased adsorption potential to the NF membranes.  
CHBr3 was the most preferentially adsorbed onto membrane, followed by CHCl2Br, CHClBr2 and then 
CHCl3. For SB90 the steady-state was reached soon (lower adsorption capacity) therefore it could only 
be seen that at the beginning of the experiment higher molecular weight THM had a higher adsorption 
than smaller THM. The tendency showed that adsorption to membranes was preferable for THMs with 
higher molecular weight, higher hydrophobicity (log Kow) and less polarity (dipole moment). Similar 
tendency was observed in THM adsorption to activated carbon, because generally the adsorption 
capacity of activated carbon increases with the higher molecular weight or less polarity of the 
compound (Lu et al., 2005, Potwora, 2006). A study showed that the extent of adsorption of phenolic 
compounds was promoted by hydrophobic interactions between them and the membrane structure 
(Arsuaga et al., 2010). Another study indicated that although the log Kow was the best parameter to 
describe the hydrophobic adsorption, the relationship between molecular size or weight of the solute 
and the pore size of membrane also plays an important role (Van der Bruggen et al., 2002a). 
5.4.2 Effect of membrane material on adsorption 
Membranes of different materials showed highly different behaviors for THM adsorption. The 
different “saturation times” revealed highly different characteristics and capacity of three membranes 
for THM adsorption. At a realistic THM concentration range, NF90 and NTR-7470pHT could adsorb 
significant amounts of THM which led first to an overestimation of rejection and then to a continuous 
rejection decline over up to 5 days. The rejection declines of four THM were all clearly quicker for 
SB90 than for the other two membranes. Steady-state was reached already after 6 L permeate volume 
5 THM rejection by NF and the effects of adsorption and organic fouling 
55 
(about 6 h). Possible reasons can be different membrane properties in material or surface which affect 
the interaction between membranes and THM. A static adsorption study of perfluorinated compounds 
and thin-film composite polyamide NF membranes also showed that the adsorption depended strongly 
on the material of the active membrane layer (Kwon et al., 2012). 
The hydrophobicity of the three membranes shown by contact angles was similar. NF90 has 
significantly rough surface while the other two membranes have very smooth surface. ATR-FTIR 
results, in comparison, demonstrated the comparable spectra for NF90 and NTR-7470PHT and 
completely different spectra for SB90. The results indicated that the common structures Ar–SO2– and 
Ar–O– shared by polysulfone and polyethersulfone in NF90 and NTR-7470pHT respectively can be 
the key for the THM adsorption. According to Kiso (1986), the dominant effect on adsorption to 
cellulose acetate material is the hydrophobic interaction between cellulose acetate and the solute 
molecule, which is mainly through the acetyl groups of cellulose acetate and the alkyl chains of the 
solute (Kiso, 1986). Cellulose acetate is less hydrophobic compared to polysulfone/polyethersulfone. 
Thus it can be assumed that cellulose acetate has less adsorption capacity for THM. 
5.4.3 Effect of THM adsorption on rejection 
Adsorption of THM to NTR-7470pHT and NF90 needed a considerable time period to reach a steady-
state, which can result in serious overestimation of rejection in short term experiments. After the 
rejection reached the steady-state, NF90 could maximally reject CHBr3 at 49% and NTR-7470pHT 
and SB90 couldn’t reject THM. From both series of experiments either with CHCl3 or four THM mix, 
the THM rejection was generally lower than what was expected based on the MWCO of the 
membranes (Table 3.2), especially in the case of NF90 and SB90. Since NF90 is one of the tightest 
commercial NF membranes, we can conclude that NF serves only as a limited barrier for THM.  
One hypothesis is that the adsorbed solute in the membrane matrix facilitates the transport. According 
to the solution-diffusion model, solute is firstly dissolved in the membrane and then moves across the 
membrane by diffusion or convection. The adsorbed THM may affect this process by influencing the 
diffusion into membrane bulk. Previous studies also proposed that solute with a high affinity to the 
membrane material adsorbs to the membrane matrix more easily and thus facilitating diffusion though 
the membrane (Arsuaga et al., 2010, Yangali-Quintanilla et al., 2009). According to Steinle-Darling et 
al. (2010), steady-state rejection is lower when the adsorption is higher for the same solute. Another 
study also indicated higher hydrophobicity led to increase of adsorption and decrease of rejection for 
NF membranes, while the influence of hydrophobicity decreases when the molecular size (above the 
MWCO of the membrane) increases (Braeken et al., 2005b). 
However, the fact that SB90 cannot reject THM at all is still interesting. Low rejection of THM by 
cellulose acetate membrane was observed in previous studies. The rejection of different trace organics 
including THM by a full-scale RO plant was studied (Reinhard et al., 1986). Smaller chlorinated 
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compounds could be rejected to some extent by polyamide membranes but passed through cellulose 
acetate membranes. It was also reported that cellulose acetate RO membrane has lower THM rejection 
(11‒18%) than aliphatic polyamide RO membranes (40–66%) and especially aromatic polyamide RO 
(70–90%) (Kasai et al., 1990). Meanwhile, in this study SB90 adsorbed much less THM than the other 
two membranes but the rejection was the poorest considering the MWCO. So we can conclude that it’s 
not only the high amount adsorbed in the membrane structure which leads to more permeation of the 
solute but probably it’s the adsorption capacity of the membrane material which plays an additional 
role. Cellulose acetate has low THM adsorption capacity so that it’s soon saturated, which has fully 
favored the transport of THM. 
Solute-membrane affinity plays dominantly in the mechanisms for the THM rejection by NF 
membranes. MWCO is not always reliable for choosing membranes for specific target such as organic 
micropollutants even for less polar and neutral organics. 
5.4.4 Competitive adsorption and effect of fouling 
Compared to filtration experiments with CHCl3 alone in feed, reaching the steady-state was 
accelerated for CHCl3 in the THM mix. This acceleration due to presence of other THM was most 
apparent for NTR-7470pHT. Meanwhile, in both filtration and static adsorption experiments, the 
adsorbed CHCl3 to NTR-7470pHT was higher when it was alone than in the THM mix. This could be 
the phenomenon of the competitive adsorption among four THM molecules which led to less 
adsorption CHCl3. Competitive sorption was also observed for NF270, a polyamide NF membrane 
(Steinle-Darling et al., 2010). Solutes were rejected more in a cocktail than when it’s alone. 
In fouling experiments CHCl3 and CHCl2Br adsorbed less when there was organic fouling for NF90. 
This could be attributed to 1) the competitive adsorption between THM and NOM as background 
organics or 2) membrane blocking by organic fouling layer which occupies the available adsorption 
positions and reduces THM adsorption. During fouling experiments the presence of NOM didn’t affect 
the THM rejection profiles for the three membranes. Obviously there was no effect on a possible 
interaction of the hydrophobic THM with NOM, which might have influenced the adsorption of THM 
on the fouling layer. So the first competition from NOM should be minimal. Zhang and Minear (2006) 
applied the size exclusion chromatograms and pointed out that THM were not bound to Suwannee 
River fulvic acid. Since THM don’t adsorb to NOM fouling layer, the blocking of membrane by 
organic fouling layer could reduce the THM adsorption by covering the membrane surface. This 
phenomenon was not observed in the experiments with the other two membranes, probably because 
the extent of membrane surface reduction due to fouling layer is much more significant on the much 
rougher surface of NF90 (Figure 5.2). So blocking should be the main reason here for the decrease of 
THM adsorption after fouling. The less adsorptive the molecule is, the more the adsorption was 
affected. Consequently the reduction of CHCl3 and CHCl2Br was observed and CHCl3 was to the 
largest extent. 
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5.5 Summary 
THM rejection by three NF membranes of different materials was studied over six days. NF has 
actually limited rejection of THM (max. 30‒50%). Large extent of THM adsorption to membrane 
leads to severe overestimation of rejection in short term experiments. Investigation of THM rejection 
by NF needs sufficient filtration volume/time. Adsorption has significant influence on rejection 
mechanism, facilitating the mass transport of THM through NF membrane. Membrane material plays 
a substantial role in adsorption and consequently has the impact on rejection. Occupation extent of the 
available adsorption capacity in the membrane plays a significant role in how the adsorption facilitates 
the transport of molecules through the membrane and thus decreases membrane rejection. Competitive 
adsorption among THM was observed. NOM in the feed solution and organic fouling layer had little 
effects on THM rejection. Organic fouling lowered the adsorption of less adsorptive THM due to 









6 Minimization of DBP in swimming pool water by 
NF 
For the study on the application of NF for the minimization of DBP in swimming pool water, on-site 
experiments in the public swimming pool A were carried out. Free chlorine at 0.3–0.6 mg /L was 
present in the feed, which was pre-treated pool water by flocculation, PAC dosage and UF. Previous 
experiments indicated that most of the precursors can be removed by NF, which implied the possibility 
to minimize the DBP formation by quick removal of organic matter using NF from the pool water. In 
this chapter a chlorine resistant NF membrane and a polyamide NF membrane (low chlorine resistant) 
were investigated in a pilot plant and a full-scale plant respectively at the swimming pool A (Table 
3.1). The influence on the pool water quality was accordingly studied. 
6.1 Pilot plant using chlorine resistant NF membrane SB90 
Based on the better permeability and rejection performance in bench-scale experiments, the membrane 
SB90 (chlorine resistance: 1 ppm) was selected for the experiments with a pilot plant at the swimming 
pool A treating the wastewater from backwash of UF membrane modules. Before entering the NF pilot 
plant the wastewater was pretreated by UF. The water quality (Table 6.1) was very close to that of the 
UF-permeate in the mainstream of swimming pool water, but with lower chlorine, DOC and AOX 
concentration mainly due to longer contact time with the PAC. 
Table 6.1: Key parameters for feed properties of the nanofiltration pilot plant at the swimming pool A. 
Parameter Unit Feed (Backwash wastewater pretreated by UF) 
(n = 25) 
  Mean ± SD Range 
Temperature °C 28.0 ± 1.2 26.0–29.1 
pH  7.0 ± 0.3 6.6‒7.7 
el. Conductivity µS/cm 701 ± 48 610–765 
Free chlorine mg/L 0.2 ± 0.1 < 0.5 
Ca
2+
 mg/L 103 ± 9 86–113 
Na
+
 mg/L 22 ± 1 19–24 
Cl
-
 mg/L 75 ± 25 35–113 
SO4
2-
 mg/L 202 ± 31 156–283 
DOC mg/L 2.2 ± 0.4 1.6–3.0 
THM mg/L 13.2 ± 3.4 6.3–20.6 




The results of the pilot plant experiments confirmed the rejection performance of the flat-sheet-
modules. As expected from the results in Chapter 5, no rejection of THM by SB90 was observed 
during the operation period. Figure 6.1 and Figure 6.2 presented the concentration of DOC and AOX 
in permeate and feed of the pilot plant, where NF showed a sufficient rejection performance (83% ± 6% 
for DOC and 83% ± 5% for AOX) throughout in total 17 months of operation, again indicating that 
most of the precursors could be removed by NF. At the beginning DOC and AOX was relatively 
higher due to the organic matters brought within the initial filling tap water. With time the AOX 
decreased considerably stabilized at 200 µg/L in the first half period. In the second half period DOC 
and AOX were lower compared to the first half because of the integration of full-scale NF plant, 
which will be described in the next sections (Chapter 6.2–6.3). A slight increase in the rejection 
performance with time was observed, probably because membrane fouling improved the size-
exclusion effect during the filtration process.  
 
Figure 6.1: DOC in permeate and feed of the pilot plant using chlorine resistant NF membrane SB90. 
 
Figure 6.2: AOX in permeate and feed of the pilot plant using chlorine resistant NF membrane SB90. 
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The results achieved with the pilot scale NF module allowed the calculation of the possible 
minimization of DBP- and the precursor-formation in swimming pool water, if a branch current is 
treated with NF membranes. 
 
Figure 6.3: Electrical conductivity of permeate and feed of the pilot plant using chlorine resistant NF 
membrane SB90. 
Figure 6.3 showed the electrical conductivity of permeate and feed samples. Rejection of el. 
conductivity was on average kept at 87% in the first half period. In later stage while the el. 
conductivity in feed decreased, the rejection started at 89% and decreased slightly with time. A 
possible reason can be hydrolysis of cellulose acetate, which gradually occurs throughout the 
membranes lifespan. The hydrolysis reaction breaks down cellulose acetate into cellulose and acetic 
acid. The pH value of feed water was 7.0 ± 0.3 on average. At pH > 7 the hydrolysis reaction occurs 
more rapidly particularly as temperature increases (Vos et al., 1966). In general, ion (salt) rejection 
will be the first and most dramatic change that is observed as the membrane degrades. Nevertheless, 
after 17 months operation the rejection of el. conductivity was still above 78% and rejection of organic 
matters was not affected. The sufficient rejection performance of DOC and AOX for long term 
operation demonstrated the feasibility of applying the chlorine resistant membrane for swimming pool 
water treatment. 
6.2 Full-scale plant using polyamide NF membrane NF90 
A full-scale NF plant was integrated to the existing treatment facility (flocculation + UF), accounting 
at maximum 1.85% of the mainstream with a continuous operation. Nevertheless an intermittent 
operation was applied, aiming at the intensive load brought by the swimmers in rush hours and not to 
make the DOC in pool water lower than the DOC in filling tap water. For the full-scale plant the 
membrane NF90 (chlorine resistance < 0.1 ppm) was applied due to its high permeability (approx. two 
times of SB90). NF90 also has a smaller MWCO (100 Da) than that of SB90 (200 Da). The feed water 
was UF-permeate of the mainstream of swimming pool water after chlorine was quenched and 
antiscalant was dosed. Key parameters for feed water properties are listed in Table 6.2. Electrical 





























conductivity in pool water decreased from 725 µS/cm to 622 µS/cm during operation time because 
NF90 has very high rejection of ions. Rejection of el. conductivity was 93−95%, by which sulfate, 
calcium and magnesium were nearly completely removed (> 99%). And about 50% of the sodium and 
chloride were removed. Sodium bicarbonate was added in the permeate to keep the buffering capacity 
which was reduced by the NF treatment. 
Table 6.2: Key parameters for feed properties of the full-scale nanofiltration plant at the swimming pool A. 
Parameter Unit Feed 
(n = 16) 
  Mean ± SD  Range 
Temperature °C 28.9 ± 0.4 28.0–30.8 
pH  7.0 ± 0.4 6.5‒7.7 
el. Conductivity µS/cm 658 ± 37  622–725 
Free chlorine mg/L < 0.03 < 0.03 
Ca
2+
 mg/L 97 ± 12 81–112 
Na
+
 mg/L 24 ± 1 23–25 
Cl
-
 mg/L 52 ± 7 42–60 
SO4
2-
 mg/L 207 ± 17 190–236 
DOC mg/L 2.8 ± 0.2 2.5–3.1 
THM mg/L 20.7 ± 5.4 13.1–33.0 
AOX mg/L 236 ± 34 179–280 
 
  
Figure 6.4: Rejection of (a) DOC and AOX (b) THM by full-scale nanofiltration plant using NF90. 
Expectedly, NF90 had 80%‒90% rejection of DOC and 90%‒96% rejection of AOX (Figure 6.4), 
which indicated an even higher removal of DBP precursors than SB90 has. Furthermore, this tight 
membrane could reject 30%‒50% of THM. From the results a substantial THM reduction in pool 
water could be expected. The fluctuant rejection values were due to the great fluctuation of THM in 
feed. NF90 showed stable rejection performance for 8 months operation. No decline of the rejection 
was observed. 
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6.3 Influence of DOC-rejection by NF on DBP in swimming pool water 
Water quality with and without NF was compared with extensive measurement data. DOC, THM, 
AOX in swimming pool water were intensively measured (possibly daily) throughout the operation 
period. 
Figure 6.5 shows the DOC and AOX in swimming pool water for about 80 days with the original 
treatment process (PAC+UF) and backwash water treatment with UF-NF (1% of mainstream). Dash 
line shows the DOC level in the filling tap water. DOC in pool water was all the time higher than in 
tap water, where the input from visitors have raised the level of organic matters is clearly seen. Results 
indicated that the PAC+UF treatment couldn’t remove DOC effectively. Accumulation of AOX was 
obviously shown by increase especially from day 1−23 and day 60−75, which means the original 
treatment was inadequate to remove DBP precursors. On day 23 extra amount of fresh tap water was 
filled, which led to a decrease of AOX, while the AOX in tap water was < 10 µg/L. DOC was relative 
unaffected by dilution because of the high DOC in tap water (2.7−3.0 mg/L). Data of THM was 
already shown in Chapter 4. No accumulation of THM was observed due to their high volatility. 
 
Figure 6.5: DOC and AOX in swimming pool water with the original treatment process (PAC+UF) and 
backwash wastewater treatment with UF-NF. Dash line shows the DOC level in the filling tap water. 
The full-scale NF plant was integrated, accounting at maximum 1.85% of the mainstream with a 
continuous operation. Based on mass balance of DOC in swimming pool water (Klüpfel et al., 2011a), 
simulation of DOC representing DBP precursors with different portion of branch current NF treatment 
was carried out. In addition to the existing backwash wastewater treatment using NF (corresponds to 
approx. 1% of the mainstream) described in Chapter 6.2, the operation time of the full-scale plant was 
first at 4 h/d (0.3% of the mainstream) for 6 months and then at 6/h (0.45% of the mainstream) for 2 
months. After 32 days the dosage of PAC was turned off. 
The monitored DOC and AOX concentration in pool water for the first 70 days were plotted in Figure 
6.6. In contrast to the situation with the original treatment, although at the beginning DOC was close 




































to that in tap water (2.8−3.0 mg/L), with the process combination PAC+UF+NF the concentration of 
DOC decreased to 2.3−2.5 mg/L in 15 days. Correspondingly AOX was under 200 µg/L. DOC and 
AOX were much lower compared to the previous levels without NF, which is marked by the dash line. 
Especially AOX was significantly reduced nearly 50%. After PAC was turned off DOC increased 
slightly and AOX increased to a larger extent, but both were still well below the previous level. 
Generally the profiles became flatter than before. The previously observed huge fluctuation of organic 
load due to intensive input from visitors was alleviated by the effective NF treatment, which means the 
formation of DBP could be better controlled. 
 
Figure 6.6: DOC and AOX in swimming pool water with full-scale nanofiltration plant integrated in 
treatment. Dash line shows the DOC and AOX level without NF. 
Table 6.3 summarized the average statistic measurement results for different treatment processes 
including data of bound chlorine and freshwater consumption. Compared to the original treatment, 1.3% 
of NF branch current could reduce DOC and AOX markedly without increasing water consumption. 
When PAC was replaced by NF, DOC and AOX in pool water were reduced by 18% and 30% 
respectively. Bound chlorine was slightly reduced, giving the fact that it was already well under 
control before the integration of NF. Other regulated DBP such as chlorite and chlorate were also well 
under the limit with the original treatment so they are not discussed here. The operation at 4 h/d 
consumes itself 2.5 m
3
/d of fresh water due to the discharge of concentrate. However, freshwater 
consumption was only marginally increased (from 22.2 to 22.7 m
3
/d) after NF completely replaced 
PAC, probably because the improvement of water quality has reduced fresh water exchange. 
Table 6.3: Comparison of average water quality in swimming pool water during different treatment 
processes. 
Parameter DOC in 
filling water 




  mg/L mg/L µg/L µg/L mg/L m
3
/d 
PAC+UF (n = 82) 2.7 3.3 328 24 0.12 22.2 
PAC+UF+NF (n = 25) 2.8 2.5 166 32 0.11 22.2 
UF+NF (n = 164) 3.0 2.6 216 22 0.11 22.7 
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The maximal formation potential of THM (THMFP) and AOX (AOXFP) in the filling tap water and in 
the swimming pool water with different treatment processes are compared in Table 6.4. During the 
time with the PAC+UF treatment, which couldn’t remove DOC effectively, anthropogenic input from 
visitors didn’t affect THMFP/DOC significantly but AOXFP/DOC was doubled compared to tap water. 
This indicates that in a swimming pool where the local tap water contains high DOC, the main THM 
precursor source is still the NOM in the filling water, while anthropogenic input can form a wide range 
of much other DBP. Bond et al. (2010) investigated nine NOM surrogates and their removal by 
coagulation, MIEX anion exchange resin and NF membranes. It was not possible to selectively 
remove compounds which form high amounts of DBP. Therefore although THM is the only regulated 
parameter for organic DBP, it is not always able to reveal the total DBP level in water. 
Table 6.4: Ratio of the THM- and AOX-formation potential (THMFP and AOXFP) in the filling tap water 
and in the swimming pool water with different treatment processes PAC+UF and UF+NF. 
 THMFP/DOC  AOXFP/DOC  
 µg/mg DOC µg/mg DOC 
Tap water (n = 6) 31 ± 4 81 ± 11 
PAC+UF (n = 3) 34 ± 1 174 ± 48 
UF+NF (n = 5) 22 ± 2 112 ± 2 
 
It has to be noticed that THM concentration in swimming pool water still remained at a high level 
(Table 6.3), even though the THMFP/DOC of pool water was reduced after the NF was integrated. 
During the time with the process combination PAC + UF + NF which had the highest DOC and AOX 
removal THM was even higher. The kinetic of THM formation depends highly on the species of DOC 
input from swimmers which is difficult to know. Probably there were organic substances with high 
THM formation during the starting phase. 
Table 6.5: Formation potential in feed and permeate of the pilot plant and the full-scale plant. 










1 Pilot plant (SB90) Feed 2.5 66 ± 2 26 278 ± 22 111 
 Permeate 0.2 20 ± 1 84 52 ± 7 215 
2 Full-scale plant (NF90) Feed 2.8 45 ± 2 16 290 ± 21 102 
 Permeate 0.4 12 ± 0 32 17 ± 1 47 
 
Formation potential tests of feed and permeate were carried out for the pilot plant and the full-scale 
plant. Results of representative samplings for each plant were presented in Table 6.5. SB90 could 
reject 65−70% of THMFP and 63−81% of AOXFP, while NF90 could reject 70−75% of THMFP and 
91−95% of AOXFP. Except AOXFP removal by NF90, the rejection of DBPFP was lower than DOC 
removal. In other words, the DBP formation per unit DOC became larger after NF-treatment. de la 
Rubia et al. (2008) claimed the ratio of THMFP/DOC (µg/mg), which represents the DBP reactivity in 
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terms of THM formation, could be even greater in the NF permeate than in the raw water, which was 
also the case here. The ratio THMFP/DOC in permeate became more than doubled as in feed. It can be 
assumed that the small amounts of the low molecular weight DOC remained in permeates may be 
problematic due to its high THM reactivity.  
To further characterize the fate of DOC during NF, feed and permeate samples were measured using 
SEC-OCD. Figure 6.7, (a) presented the results for SB90 and (b) for NF90. The chromatograms of the 
feed sample from both plants were similar, showing mainly high to moderate MW substances 
(retention time 42 min < t < 58 min), which was supposed to be mostly natural humic substances from 
the relatively high content of DOC in fresh water (≈ 3 mg/L) and was oxidative degraded by chlorine. 
The narrow peak at t = 55 min can be associated with low MW organic acids. After t = 60 min a small 
amount of low MW organic substances were present. A small peak at t = 76 was assigned to be urea 
by SEC-OCD with organic nitrogen detection (Appendix Figure A5). The chromatogram of the 
permeate samples showed very low DOC signals because DOC was mostly rejected by the applied NF. 
 
 
Figure 6.7: SEC-OCD chromatograms of (a) DOC in feed (2.6 mg/L) and permeate (0.2 mg/L) of the pilot 
NF plant using SB90; (b) DOC in feed (2.2 mg/L) and permeate (0.1 mg/L) of the full-scale NF plant using 
NF90. 
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However, the low MW fractions such as the peak at t = 55 min and t = 76 min were not completely 
removed by NF in both plants. The results support the hypothesis that the small DOC molecules 
remained in permeates may have high THM reactivity. Glauner et al. (2005b) also reported that 
highest formation of THMs was from the low-MW fraction (< 200 g/mol) of DOC in swimming pool 
water. Nevertheless, urea is not a THM precursor (De Laat et al., 2011). Results indicated that THM 
formation in swimming pool water with integration of NF, which will change the composition of 
substances in the recirculated system, may refer to a more complicated case which cannot be simply 
revealed by THMFP/DOC. Interestingly, AOXFP/DOC became more than doubled after filtration 
with SB90 but decreased after NF90. Compared to SB90, the most apparent difference was the higher 
rejection of the peak at t = 76 min by NF90. This suggests that this fraction has high AOX formation 
reactivity, which confirmed the increased AOXFP/DOC due to anthropogenic input in Table 6.4. 
 
Figure 6.8: SEC-OCD chromatograms showing evolution of DOC in swimming pool water with operation 
time and in comparison to the filling tap water. 
SEC-OCD chromatograms showing evolution of DOC in swimming pool were made and compared to 
the filling tap water (Figure 6.8). The swimming pool is drained, cleaned and refilled with fresh tap 
water every year at the beginning of the new opening period. Originally in tap water there was mainly 
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begins to shift high MW substances to smaller ones. With time this shift can be seen clearly for the 
increasing peaks at t = 53/64 min. Besides, the peak at t = 72 min appeared. As mentioned before 
permeate of NF in swimming pool water contains urea as the dominant fraction besides traces of NOM. 
These fractions of low MW compounds resulted from the chlorine degradation of NOM and the 
anthropogenic input from pool visitors which couldn’t be completely removed by the treatment. The 
remaining small molecules could be more easily oxidized by chlorine. Therefore, it can be suggested 
that the small compounds which come after t = 60 min reached a plateau and were not further 
accumulated. 
6.4 Summary 
Application of NF in swimming pool water treatment exhibited high rejection of DOC and AOX, 
indicating a high elimination of the DBP precursors. Chlorine-resistant NF membrane fulfilled 
sufficient rejection performance for 17 months under pool water condition with 0.2 mg/L free chlorine 
present in feed water. By quenching chlorine in advance the polyamide NF membrane endured 
excellent rejection performance in 8 months operation. Compared to the original treatment process 
PAC+UF, integration of a branch current NF treatment for 1.3% of the mainstream could reduce the 
general level of DBP and the precursors (DOC and AOX) as well as the DBP reactivity 
(THMFP/DOC and AOXFP/DOC) in swimming pool water. Results implied the feasibility of 
minimizing DBP formation by quick removal of dissolved organic matter (and thus DBP-precursors) 
from the pool water. Long-term onsite experiments at a real swimming pool demonstrated a realistic 
option of an efficient treatment, which provided a better pool water quality with only marginally 
increased fresh water consumption compared to the original treatment PAC+UF. By optimization of 






7 Fouling of NF membrane in swimming pool water 
treatment 
Fouling of NF membrane during swimming pool treatment was investigated by collecting operational 
data and autopsy study to characterize the foulants. Fouling of two chlorine-resistant NF membranes 
(NTR-7470pHT and SB90) was studied with bench-scale cross-flow set-up onsite at two swimming 
pools A and B with different pool water matrices. Furthermore, autopsy study of fouled spiral wound 
modules from the two NF plants (the pilot plant equipped with SB90 and the full-scale plant with 
NF90) at the swimming pool A were carried out. Results were associated with feed water properties to 
give an insight of fouling of NF membrane during swimming pool water treatment. 
7.1 Membrane fouling by two different types of pool water 
The treated swimming pool waters were used for feed as they were. No further chemicals (e.g. 
antiscalant) were added. Pool water A offered a high organic content (3.3 mg/L DOC), while pool 













. Detailed feed properties are 
in Table 3.5. 
7.1.1 Permeability profiles 
 
Figure 7.1: Relative permeability of two chlorine-resistant NF membranes treating swimming pool water 
from (a) a public swimming pool A for 640 h and (b) a university swimming pool B for 405 h. 
The relative permeability of the two used membranes during treatment of pool water A and pool water 
B are shown in Figure 7.1, (a) and (b) respectively. Relative permeability was calculated relative to the 
stabilized initial permeability. For pool water A the permeability of NTR-7470pHT continued rapid 
decreasing and at the end stabilized at 60% of the initial permeability, while the permeability of SB90 
stabilized first at 95% of the initial permeability, then suddenly decreased fast in the middle of the 
experiment and kept at 80% for the second half period. For pool water B the permeability of both 






































































membranes decreased faster at the beginning and stabilized sooner. After 405 h of filtration, the 
relative permeability of NTR-7470pHT sank to 53%, which was lower compared to pool water A after 
the same produced permeate volume. In contrast, permeability of SB90 only presented the decline at 
the initial phase and then stabilized at 87%, which showed a better permeability compared to pool A. 
The rejection performance was analyzed by regular sampling during the whole experiment and the 
permeability decline was not due to membrane damage. 
Biopolymer and humic substances are considered as important foulants for NF membrane. Organic 
fouling due to adsorption and pore blocking commonly contribute to the flux decline at the beginning 
phase of filtration process and slows down. For pool water A which contains high DOC it’s prone to 
have organic fouling. The permeability decline could possibly be explained by organic fouling and 
biofilm formation due to high DOC. However, the much lower concentration of DOC at pool B didn’t 
result in much less flux decline. In contrary, the permeability of NTR-7470pHT was worse at the end 
of experiment, which indicates the contribution of other foulants. Commonly high ionic strength 
enhances membrane fouling. Humic substances accelerate organic fouling with increasing Ca
2+
 
concentration. Biofouling commonly causes continuous permeability decline, which should not be the 
major contribution to fouling at pool B. The Ca
2+
 concentration at pool B was approximately 5 mM. A 
reduction of biofouling at increased concentration 5 and 8 mM Ca
2+
 was observed (Zhao et al., 2015), 
probably because higher ionic strength suppresses biofouling. 
7.1.2 Major constituents of fouling deposits 
Fouled membrane pieces were inserted in acid or alkaline solutions to dissolve the fouling deposit for 
analysis of organic carbon (OC) and other elements. The results are presented as a ratio of specific 
mass (msp.) over feed concentration, with a unit of (mg/m
2
)/(mg/L), which corresponds to the 
measured mass normalized to membrane area and concentration in feed. Easily soluble constituents 
such as Na
+
 were taken as a reference. Constituents with higher ratio than those of easily soluble 
constituents are considered accumulated as fouling. Such kind of comparison by associating fouling 
deposits with feed water properties provides a clear illustration of which element is actually 
accumulated, avoiding the influence of remaining constituents from dried out water which was in the 
membrane and fouling layer structure. The most relevant elementary constituents in fouling deposits 
are listed in Table 7.1. 
The mass of organic carbon on NTR-7470pHT was 42 ± 8 mg/m
2
 for pool water A and 13 ± 0 mg/m
2
 
for pool water B, which correlates with the DOC concentration in pool water A and B. According to 
these results, the accumulation ratio of OC was similar for both pools. The main reason for the 
different OC accumulation ratios can be that pool water B had the much higher ionic strength and 




, which was double as high as it in pool 
water A. As known from literature, high ionic strength leads to more severe organic fouling (Tang et 




 enhances organic fouling by forming complexes 
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with NOM (Li and Elimelech, 2006). They can bind with the acidic functional groups of the NOM, 
elevating the degree of hydrophobicity of the NOM molecules, and developing a dense fouling layer. 
Teixeira and Rosa (2006) suggested that the presence of Ca
2+
 ions is more important than the type of 
NOM for flux decline. OC analysis for SB90’s fouling deposits was unfortunately not applicable, 
because cellulose acetate hydrolyses in alkaline solution. 
Table 7.1: Constituents in the fouling deposits of bench-scale experiments with two different types of 
swimming pool water A and B. The results are presented as a ratio of specific mass (msp.) over feed 
concentration, with a unit of (mg/m
2
)/(mg/L), which corresponds to the measured mass normalized to 
membrane area and concentration in feed. 
Constituents Feed 
(mg/L) 




 Pool A 
(n = 13) 
Pool B 













13 ± 3 n.a. 10 ± 0 n.a. 
Al
3+
 0.034 0.008 239 ± 17 189 ± 35 214 ± 6 650 ± 32 
Ba
2+ 0.101 0.059 42 ± 4 6 ± 1 n.d. n.d. 
Ca
2+ 112 206 0.7 ± 0.1 0.5 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 
Fe
n+ < 0.01 < 0.01 > 405 > 261 > 561 > 2581 
Na
+ 21 546 0.6 ± 0.0 0.5 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 
PO4
3– < 0.1 < 0.1 > 12 > 12 > 14 > 71 
SO4
2– 190 649 3.4 ± 0.9 1.8 ± 0.9 0.1 ± 0.0  0.1 ± 0.0 
* 
DOC concentration in feed. n.a.: not applicable. n.d.: not detectable. 







 were accumulated to a minor degree for pool water A and were surprisingly not 
accumulated particularly for pool water B, which had much higher concentration in SO4
2–
. Although 
no antiscalant was used, CaCO3 or CaSO4 scaling were not the major fouling constituents in filtrating 




 were not detectable in feed water. The minimal value of the 
ratio was calculated using the detection limit, which is the maximum possible concentration in feed 






 were the most 
severely accumulated inorganic constituents in both pool waters, probably as metal hydroxides. Al
3+
 
was probably from the aluminium based flocculant which was used in both swimming pools. Fe
n+
 
came probably from the aged pipeline or tubing. The multi-layer filters used at the swimming pool B 
have also metal outer housings. PO4
3–
 was found accumulated on all membranes, which had the 
similar accumulation ratio as OC, though the amount of deposits was relatively little. 
7.1.3 Pore and surface fouling 
Cross-section of fouled membrane samples for pool water A were analyzed using SEM (Figure 7.2). 
On the surface of NTR-7470pHT it was hard to distinguish the fouling layer. But organic-like 
structures bound to the membrane polymer were observed underneath the dense surface inside the 
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membrane matrix. This indicates that the major fouling mechanism of NTR-7470pHT was fouling in 
the membrane structure probably by adsorbed organic matters. In contrast, on the surface of the denser 
membrane SB90 was an apparent fouling layer (dried layer approximately 6−10 µm). Inside the 
membrane matrix no fouling deposit was observed. Fouling of SB90 was more likely affected by cake 
or gel layer formation (surface coverage). Results indicated that under the same condition pore fouling 
of membrane caused more severe permeability decline of NTR-7470pHT. 
 
Figure 7.2: SEM images of membrane cross-section near the membrane surface (upper) and below the 
membrane surface (lower) after 640 h filtration of the swimming pool water A. NTR-7470pHT (left) 
showed mainly pore fouling and SB90 (right) showed surface fouling.  
 
7.1.4 Surface characterization 
Surface of fouled membranes was characterized using SEM and EDX. Figure 7.3, (a) and (c) showed 
the surface of NTR-7470pHT and SB90 fouled with the swimming pool water A. On both membranes 
organic-like foulant structures were observed. As discussed above, NTR-7470pHT possessed mainly 
pore fouling so the clear membrane surface is still visible. EDX spectrum of a representative spot on 
SB90 was presented in (e), which indicated that there was mainly organic fouling on the membrane. 
NTR-7470pHT and SB90 fouled with the swimming pool water B were shown in (b) and (d). 
Compared to pool water A, Pool water B seemed to have formed mixture of organic and inorganic 
foulants. Especially on SB90, which has higher salt rejection, a few crystal-like structures were 
observed. EDX spectrum of SB90 in (f) revealed signals of Na, Cl, Ca, and S, which were probably 
from NaCl and CaSO4 which precipitated when the pool water dried out after membrane samples were 
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possibly attributed to sulfate salts and aluminium or iron hydroxides, since Al and Fe were found 
significantly accumulated (Table 7.1). 
 
Figure 7.3: SEM images and EDX results comparing membrane fouled by swimming pool water A and B. 
(a) NTR-7470pHT at pool A, (b) NTR-7470pHT at pool B, (c) SB90 at pool A, (d) SB90 at pool B, (e) SB90 
at pool A and (f) SB90 at pool B. 
Table 7.2: Contact angle on cleaned and fouled membrane surface. 
 NTR-7470pHT SB90 
Clean membrane 60 ± 4 65 ± 2 
Fouled membrane, pool water A 60 ± 4 80 ± 6 
Fouled membrane, pool water B 63 ± 6 22 ± 6 
 
Results of contact angle measurements (Table 7.2) showed that the hydrophobicity of NTR-7470pHT 














































cover the membrane surface. The influences of fouling on the surface hydrophobicity were significant 
for SB90, because foulants formed cake layers on the dense SB90. SB90 became more hydrophobic 
when fouled with pool water A but much more hydrophilic when fouled with pool water B. Possible 
explanations can be that the high NOM content in pool water A accumulated to form a hydrophobic 
layer, while inorganic precipitants such as aluminium and iron hydroxides increased the hydrophilicity. 
This might explain why severe accumulation of Fe deposit on SB90 didn’t result in further flux 
decline. 
7.1.5 Fouling development 
In order to follow the fouling development, during the experiments at the swimming pool B membrane 
samples were taken out for characterization after about 70 h, 230 h, and 405 h filtration time 





Photos (Figure 7.4) of fouled membranes presented brown deposits, indicating iron precipitates. On 
NTR-7470pHT was a very thin fouling layer with brown deposit at the corners where was in contact 
with the feed spacer. SB90 showed more obvious increase of the fouling deposits. At the end the 
membrane was fully covered by brown layer. 
 
Figure 7.4: Photos of fouling development during experiment at the swimming pool B. Numbers on the top 





Specific mass of key foulant constituents over membrane area was correlated with the fouling 
development and shown in Figure 7.5. In figure (a) organic fouling of NTR-7470pHT reached the 




 within 3 days and stabilized without further 
development, indicating the adsorption mechanism of organic foulants and the major factor for 
permeability decline. Further slight flux decline was probably attributed to Al and Fe accumulation. 
Figure (b) primarily demonstrated the vigorous accumulation of Fe on SB90, which corresponds to 
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might be attributed to the higher salt rejection of SB90. However, the increased Fe deposit didn’t lead 
to further flux decline of SB90. 
 
Figure 7.5: Specific mass (msp.) of key constituents in fouling deposits at the swimming pool B and the 
development with permeate volume: (a) NTR-7470pHT, (b)SB90. 
 
7.2 Autopsy study of the pilot plant with chlorine resistant NF membrane 
A front module (SB90) from the pilot plant, which was for 17 months in operation (approx. 2 years 
with two 4-month summer pauses), was autopsied. SB90 is chlorine resistant (1 mg/L) so free chlorine 
was not quenched in the feed (0.2 mg/L) during operation. The key parameters of feed properties are 
described in Chapter 6, Table 6.1. 
7.2.1 Permeability profiles 
 
Figure 7.6: Relative permeability J/J0 of the pilot NF plant using chlorine-resistant membrane SB90 over 
operation time for the first 60 days. 
The chlorine-resistant membranes generally exhibited low permeability, accounting only 20–30% of 
which for TFC polyamide NF membranes. Material and production process has much higher influence 
than MWCO on permeability. At the beginning the averaged permeability of three SB90-4040 
modules in the pilot-plant was 1.9 L/(h∙m
2
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SB90 for the first 60 days operation (Figure 7.6) showed a quick decline of permeability in the first 
three days followed by a stabilized profile, which can be expected from adsorption of organic 
substances. The relative permeability remained around 90% for the first two months and was not 
followed up during further operation period. 
7.2.2 Constituents of fouling deposit and the distribution 
Dry mass (dried at 110 °C) of fouling deposits in the three zones along the flow direction were 0.8, 0.8 
and 0.6 g/m
2
 respectively, with a high standard deviation of 0.5 g/m
2
. On one side the high deviation 
indicated the heterogeneously distributed fouling deposits regarding small membrane areas. On the 
other side the little difference among three zones indicated a relatively even distribution along the flow 
direction in the membrane module. 
Table 7.3: Constituents of fouling deposit on SB90 from the pilot plant experiments at the swimming pool 
A. msp. is specific mass of each constituents over membrane area. Results are presented as mean value ± 
standard deviation calculated from triplicate analysis. 










  Front Middle End Range of three zones 
Al
3+ 0.017 0.5 ± 0.2 0.5 ± 0.1 0.4 ± 0.1 23–31 
Ba
2+ 0.109 0.9 ± 0.5 0.7 ± 0.2  0.3 ± 0.1 3–9 
Ca
2+ 103 48 ± 18 42 ± 11 45 ± 16 0.4–0.5 
Fe
n+ 0.012 0.12 ± 0.03 0.13 ± 0.01 0.20 ± 0.09 7–12 
Na
+ 21.6 2.1 ± 0.3 2.4 ± 0.4 2.3 ± 0.4 0.1 
Cl
-
 75 6.2 ± 0.2 6.6 ± 0.6 7.9 ± 0.8 0.1 
P
* < 0.1 1.2 ± 0.6 1.0 ± 0.1 1.1 ± 0.3 > 10 
PO4
3-
 0.2 1.7 ± 0.2 1.1 ± 0.2 1.4 ± 0.7 6–7 
SO4
2-
 202 18.5 ± 0.7 20.2 ± 1.7 23.1 ± 4.9 0.1 
*
 Phosphorous was measured as element P. 
Table 7.3 summarizes the constituents of fouling deposit on SB90. Specific mass (msp.) over 
membrane area in three zones and the accumulation ratio (msp. over concentration of each constituent 
in feed) for the total range of three zones were calculated. The same as the dry mass, along the flow 
direction no significant trend was observed. Easy soluble Na and Cl
-
 were set as reference element and 
the ratio higher than them (0.1 (mg/m
2
)/(mg/L)) indicates the enrichment. As expected there was no 
SO4
2-
 scaling, which has a ratio of 0.1. While the specific mass of Al, Fe and P in fouling deposits 
were low compared to other constituents, the enrichment ratio were the highest among inorganic 
constituents because concentration in feed were very low. A little Ba
2+
 also seemed to precipitate. It 
has to be noticed that the enrichment of total P is higher than of P from phosphate, probably coming 
from phospholipid in the retained bacteria on the membrane or the accumulated antiscalant. 
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Table 7.4: Comparison of organic carbon in different positions of SB90. 
 Organic carbon (mg/m
2
) 
 Front Middle End 
Scrapped fouling deposit 388 ± 54 446 ± 69 661 ± 135 
Spacer 380 ± 53 424 ± 66 463 ± 24 
Sum 768 870 1124 
 
Organic carbon in samples of scrapped fouling deposit and spacer were compared in Table 7.4. As 
mentioned previously, fouling layer on SB90 couldn’t be extracted directly together with the 
membrane because the cellulose acetate material hydrolyzes during alkaline extraction. Therefore only 
fouling deposits scrapped off the membrane and in the spacer were extracted and analyzed. However, 
it’s to be noticed that due to the smooth membrane surface there was almost no fouling layer left 
visible on the membrane after scrapping. Compared to total dry mass and elemental constituents in 
Table 7.3, in general, organic matters dominated in the fouling deposits. Extracted fouling deposit 
which was scrapped off from the membrane gave an organic carbon content of 388−661 mg/m
2
 in 
three zones. Since the DOC in feed was 2.2 mg/L, organic carbon had an accumulation ratio of 176–
300 (mg/m
2
)/(mg/L). Almost half of the foulants were attached to the feed spacer. Organic foulants 
scrapped off the membrane and attached to the feed spacer showed no significant trend from inlet to 
outlet. Although the mean values out of triplicate measurements and the sum of two positions showed 
there might be an increase of the organic content from inlet to module outlet, the high standard 
deviations makes a difficult evaluation of the fouling development inside the module. The dry mass 
remained similar and the organic constituents increased from inlet to outlet, indicating that the 
proportion of organic fouling deposit probably became higher in the end zone, because particles or 
colloids such as aluminium hydroxides deposit preferably near the inlet, making the organic 
proportion lower. 
7.2.3 CLSM analysis 
Representative CLSM images from at least five measurements for each zone (front and middle) were 
shown in Figure 7.7. Large quantities of bacteria were observed especially in the front zone, which 
could come from the pretreatment. CLSM analysis showed that in general the fouling was 
heterogeneously distributed. 
Most bacterial cells were associated with EPS glycoconjugates, sometimes could be nicely seen by the 
overlay of two constituents with yellow color. Filaments of bacteria were prevalent. Filamentous fungi 
with around 2 µm diameter and up to 200 µm length were as well observed. EPS formed 
heterogeneous layer out of small clusters up to 7 µm in diameter. There were also a few filamentous 
structures of EPS present, probably was EPS which surrounded the filaments of bacteria, which is 




Figure 7.7: CLSM images of fouled SB90 after 17 months operation at the swimming pool A. (a) and (b): 
front zone; (d) and (e): middle zone; (c) and (f): quantification of average coverage. EPS glycoconjugates 
(green) and nucleic acid (red) were stained to present EPS and bacteria. The field of view was 266 × 266 
µm
2
. The scale bars correspond to 50 µm. Feed water was UF-pretreated backwash wastewater of UF 
membrane (free chlorine 0.2 mg/L).  
By quantification of pixels it showed that the amount of EPS didn’t change significantly along the 
flow direction. In contrast, the amount of bacteria became much less in the middle zone than in the 
SB90 front zone SB90 middle zone
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front zone. Different growth rate/stage of bacteria may lead to different EPS:cell ratio (Staudt et al., 
2004). Nevertheless, it has to be noted that not specifically EPS in biofilm but all glycoconjugates in 
organic matters inclusive polysaccharides were stained (Neu et al., 2001). Therefore it can be assumed 
that also polysaccharides, which are prone to foul the membrane as organic fouling, were present in 
the fouling layer. Higher attachment of bacteria in the front zone in the spiral wound module can be 
attributed to higher drag force in the inlet, which decreases along the filtration channel (Heffernan et 
al., 2014). The profiles of surface coverage of EPS and bacteria along the biofilm depth corresponded 
with each other in the front zone, which indicated an active biofilm. In contrast, in the middle zone 
half of the selected spots showed much weaker correlation between EPS and bacteria profiles. The 
mismatching profiles indicate minor growth of bacteria compared to that in the front zone, where 
biofouling mainly occurred. 
In swimming pool water most bacteria were supposed to be killed by chlorine. However, the CLSM 
images showed clear evidence of biofilm, at least in the front zone. Feed water of the pilot plant 
contained lower free chlorine (0.2 mg/L) than the pool water. This concentration level was not able to 
prevent the membrane from biofouling. The regulatory range of free chlorine in swimming pool water 
is 0.3–0.6 mg/L in Germany. Nevertheless, the presence of living bacteria in chlorine-containing water 
has been reported (Amagliani et al., 2012, Uhl et al., 2005). Therefore, even though chlorine resistant 
membrane is applied without quenching chlorine in feed water, biofouling seems to be inevitable in 
swimming pool water treatment. This can be attributed to the intrinsic properties of pool water such as 
various dissolved organic matters including easy biodegradable substances and the high water 
temperature. 
7.2.4 Surface characterization 
SEM images of fouled SB90 in the three zones along the flow direction are shown in Figure 7.8. The 
images underline the presence of fouling layer on the three zones of whole module. But some areas 
which are covered by little or very thin fouling layer were also observed. The amorphous fouling layer 
was heterogeneously distributed, which explained the high deviation of extraction results from small 
pieces of membrane samples. It presented a characteristic organic fouling structure. At those parts with 
thick fouling layer C and O were dominant, both belonging to the organic fouling layer and the 
membrane material. Ca was also found in the fouling layer but little inorganic structures could be 
observed on the membrane or in the fouling layer, which indicates that Ca came from the dried feed 
water. Some colloid-like structures in combination of organics (end zone) was observed. At those 
mixed structures of colloids and organics, barium, iron, aluminium and silicon were found by EDX, 
which corresponds to the analysis of constituents with ICP-OES. In Figure (a) some oval particles with 
a diameter of around 10 µm are shown, which were also observed often all over the module. They 
were found totally or partly embedded in the fouling layer. Based on the uniform and regular shape, 
they are suspected to be anthropogenic input. EDX results indicated that they mainly composed of P, 
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C, Ca and O. The contribution of anthropogenic input such as personal care products to the fouling 
layer is also possible. Although bacteria were observed with CLSM, they were hardly recognized with 
SEM. Probably because the volume of EPS was much higher than that of bacteria so compared to 
organic foulants bacteria themselves were not the major community. And the majority of bacteria were 
embedded within a biofilm matrix, which cannot be easily seen with surface observation using SEM. 
 
Figure 7.8: SEM images of fouled SB90 in the zones (a) front, (b) middle and (c) end along the flow 
direction. 
 
Figure 7.9: ATR-FTIR spectra of virgin and fouled SB90 in pilot plant. 
Infrared spectroscopy was measured to determine the functional groups of possible foulants. In 
comparison to the spectra of the virgin membrane as a reference (Figure 7.9), no significant change 
can be distinguished when comparing the featured peaks. It seems the amount of fouling layer was too 
little to overcome the signals from the original membrane. 
Table 7.5: Zeta potential and contact angle of fouled SB90 in three zones compared to new SB90. 
 Zeta-potential (mV) Contact angle (°) 
Front -17 ± 3 71 ± 5 
Middle  -18 ± 3 63 ± 4 
End -18 ± 3 63 ± 6 
New membrane -11 ± 3 59 ± 4 
 
20 µm 20 µm 20 µm
(a) front       (b) middle                     (c) end
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Zeta potential and contact angle were measured (Table 7.5). Zeta potential here was measured with the 
original feed water from the swimming pool. Fouled membrane generally presented only slightly more 
negative charge than new membrane, probably due to the deposition of negative humic substances 
which came originally from the tap water. Membrane became more hydrophobic after fouling due to 
the deposition of hydrophobic organic foulants. The front zone seemed to be slightly more 
hydrophobic than the rear zones. 
7.3 Autopsy study of a full-scale NF plant 
A front module and a rear module (NF90) from the full-scale plant, which was for 8 months in 
operation, were autopsied. NF90 is not chlorine resistant (< 0.1 mg/L) so free chlorine was quenched 
in the feed during operation. The key parameters of feed properties are described in Chapter 6, Table 
6.2. 
7.3.1 Permeability profiles 
 
Figure 7.10: Relative permeability J/J0 of the full-scale nanofiltration plant over produced permeate 
volume during 8 months operation time. 
As expected, NF90 has much higher permeability than SB90. At the beginning the averaged 
permeability of ten NF90-4040 modules in the full-scale plant was 6.6 L/(h∙m
2
∙bar). Relative 
permeability J/J0 during the eight months operation was calculated over the produced permeate volume 
during 8 months (Figure 7.10). Permeability of the membrane modules continued to decline during 
operation, which was nearly in a linear correlation with the produced permeate volume. After 6 
months the permeability has lost 50%. Chemical cleaning using alkaline surfactants (pH = 12) was 
carried out, which only brought the relative permeability back to about 67%. The low efficiency of 
chemical cleaning indicated that the fouling deposit was difficult to remove. 
































7.3.2 Constituents of fouling deposit and the distribution 
 
Figure 7.11: Dry mass of fouling deposits and the organic content of dry mass of fouled NF90 in three 
zones of the first module and in the rear module. 
As shown in Figure 7.11, dry mass which means the scrapped fouling deposits after drying at 110 °C 
ranged from 0.7 to 2.9 g/m
2
 in different zones of the first module. Dry mass decreased significantly in 
the flow direction, which were only 0.16 g/m
2
 in the rear module. Compared to the fresh deposits, 
water content was 90–93%. Mass loss after ignition at 550 °C revealed that the fouling deposits were 
predominantly organics, accounting for more than 80% of the dry mass. The proportion of organic 
content remained similar in different zones and the rear stage. 
Elemental analysis was carried out for the scrapped fouling deposits from a large area (≈ 0.5 m
2
), 
which showed the fouling deposits contained a large amount of C accounting for 42.7% ± 2.3%, with 
H for 6.5% ± 0.5%, N for 7.5% ± 0.2%, and S for 2.4% ± 2.5%. The same kind of analysis was carried 
out for fouling in seawater desalination that had a composition of 30% in C, 5% in H, 4% in N, 1% in 
S and 0.7% in P, where the deposits were linked to biofilm (Mondamert et al., 2009). Another study 
with surface water for NOM fouling in bench-scale experiments resulted in a composition of 22% in C, 
4% in H, 1% in N and 73% in O, S and ashes, loss on ignition 63% (Gorenflo, 2003). The fouling 
deposits in this study contain higher content of C compared to these studies. As the fouling deposits 
composed mostly of organics, the main source of C should be organic fouling or biofouling. 
Table 7.6 summarizes the constituents of fouling deposit on NF90. The specific mass of most 
constituents decreased along the flow direction. In the rear module the specific mass of constituents 
was approximately one tenth of it in the front module. That can be explained by the decreasing trend 
of fouling deposits along the flow direction, which corresponds to the dry mass measurements. The 




 were set as the reference for the accumulation ratio. The deposits 
contain a significant amount of aluminium which is probably a residual of the coagulant in the 
pretreatment. Mondamert et al. (2009) also reported that after pretreatment flocculants iron was still 
found in membrane fouling. The relatively higher concentration of P in feed water than in the pool 
water is attributed to the phosphonate content in the antiscalant. P had the highest accumulation ratio 
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but the majority couldn’t be measured as PO4
3-
, which may be organically combined. Interestingly, 
easily soluble element K
+
 was enriched. Biofouling may be the explanation because K
+
 and P are both 






 which were not 
accumulated also showed decreasing trend, because they were adsorbed not only in the membrane 
matrix but also in the fouling layer which decreased significantly along the flow direction. 
Table 7.6: Constituents of fouling layer on full-scale plant NF90. 










 Mean ± SD Front Middle End Range of three zones 
Al
3+ 0.023 0.5 ± 0.1 0.5 ± 0.3 0.4 ± 0.2 17−22 
Ba
2+ 0.101 0.15 ± 0.02 0.14 ± 0.02 0.12 ± 0.03 1.2−1.5 
Ca
2+ 97 88 ± 25 72 ± 6 54 ± 9 0.6−0.9 
Fe
n+ < 0.01 0.06 ± 0.01 0.05 ± 0.01 0.06 ± 0.03 > 5 
K
+ 3.1 12.7 ± 0.3 9.6 ± 0.8 7.0 ± 0.4 2−4 
Na
+ 24 3.1 ± 0.2 2.9 ± 0.3 2.0 ± 0.2 0.1 
Cl
-
 52 7.6 ± 0.4 7.5 ± 0.1 4.9 ± 0.5 0.1 
P
* 0.20 12.5 ± 1.7 10.6 ± 2.0 7.0 ± 3.7 35−63 
PO4
3-
 3.0 5.4 ± 0.7 5.5 ± 0.7 6.9 ± 0.5 2 
SO4
2-
 207 18.0 ± 0.5 16.3 ± 1.1 13.7 ± 2.5 0.1 
*
 Phosphorous was measured as element P. 
Table 7.7: Comparison of organic carbon in different positions of NF90. 
 Organic carbon (mg/m
2
) 
 Front Middle End Rear module 
Fouled membrane 248 ± 40 155 ± 20 126 ± 16 43 ± 2 
Scrapped fouling deposit 160 ± 48 108 ± 56 83 ± 48 19 ± 1 
Scrapped membrane 204 ± 60 111 ± 20 75 ± 26 36 ± 2 
Spacer 132 ± 30 41 ± 19 33 ± 20 6 ± 1 
Sum 744 415 317 104 
 
Organic carbon in different positions of NF90 samples was compared in Table 7.7. As expected from 
the previous analysis, a general decreasing trend is presented. Fouling deposits are separated into 
different parts in different positions due to autopsy analysis. The largest part remained on the 
membrane. In contrast to SB90, foulants attached to the feed spacer were a small part and large 
amount of deposits remained on the scrapped membrane. Nonporous high pressure membranes such as 
in NF and RO undergo surface fouling only. However, highly rough surface of NF90 provided more 
barriers for fouling deposition which makes a complete scrapping of fouling deposits very difficult. 
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7.3.3 CLSM analysis 
 
Figure 7.12: CLSM images of fouled NF90 after 8 months operation in the full-scale plant at the 
swimming pool A. (a) and (b): front zone; (d) and (e): middle zone; (g) and (h): end zone; (c), (f) and (i): 
quantification of average coverage. EPS glycoconjugates (green) and nucleic acid (red) were stained to 
present EPS and bacteria. The field of view was 266 × 266 µm
2
. The scale bars correspond to 50 µm. Feed 
water was UF-pretreated swimming pool water and free chlorine was quenched. 
Large quantities of bacteria and EPS were observed on NF90 using CLSM (Figure 7.12), although the 
pretreatment UF with 0.02 µm was supposed to remove all bacteria. A possibility is that the new 
membrane modules and the NF plant are commonly not sterilized before the operation, which could 
provide the initial source of bacteria. Besides, the impurity in the antiscalants or bisulfite could also be 
the initial source of bacteria. Although live or dead cells were not distinguished, the abundance of 
bacteria and structure demonstrated the presence of biofouling. Generally bacteria and EPS were 
evenly distributed within each zone across the fouling layer. Bacteria were mostly with rod or cocci 
morphology. Quantification of the average coverage showed that EPS was much more abundant than 
front zone middle zone end zone
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microorganism according to the intensity variations with the distance of biofouling layer. Some single 
cells were found, but most occurred in clusters. Large amount of EPS was found as spherical form of 
5–10 µm, especially in the front zone, probably from small protists (2–20 µm) or other organisms in 
higher order than bacteria. From the middle to the end zone some aggregated EPS clumps of around 
50–100 µm were observed. In the end zone the amount of bacteria became less. 
7.3.4 Surface characterization 
Representative SEM images of fouled NF90 are presented (Figure 7.13). Front zone was fouled most 
intensely that the consistent fouling layer completely covered the rough membrane surface. Fouling 
decreased along the flow direction in the membrane module, which is shown by the less consistent 
fouling layer became small pieces. In the amorphous fouling layer a few precipitate grains in size 
between 50 and 100 nm observed in the deposits were identified as dominantly C and O in a mixture 
of Si, Ca, P, and Al. It seemed these inorganic foulants were likely to form nano-scale colloidal 
particles. 
 
Figure 7.13: SEM images of fouled NF90 (front, middle and end). 
Zeta potential here was measured with the original feed water (Table 7.8). Comparing to the zeta 
potential of new membrane measured in 10M KCl w2hich was -47.5 mV (Table 3.2), the zeta 
potential became less negative in pool water, probably because the presence of Ca
2+
 in pool water 
interacted with the negatively charged membrane and made the surface charge less negative. After 
fouling by pool water, no significant effect on the zeta potential was observed. In the first module, 
fouling increased the membrane hydrophobicity slightly. No significant trend along the flow direction 
in was observed. The first module was more hydrophobic than the rear module, which was almost the 
same as the new membrane because of the less fouling. 
Table 7.8: Zeta-potential and contact angle of NF90 
 Zeta-potential (mV) Contact angle (°) 
Front -22 ± 1/-24 ± 2 67 ± 5 
Middle  -21 ± 1 64 ± 4 
End - 21 ± 1 69 ± 4 
Rear module not determined 58 ± 2 
New membrane -19 ± 1 58 ± 3 
(a) front       (b) middle                     (c) end
20 µm 20 µm 20 µm
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ATR-FTIR spectra of the fouled membrane in the three zones were nearly the same. Spectra of the 
virgin and fouled (front zone) membranes are compared in Figure 7.14. Significant changes were 
observed after fouling. The amide I (1663 cm
-1
) and aromatic amide (1609 cm
-1
), main features from 
polyamide membrane was shield by a broader band in 1600–1700 cm
-1
 with the highest peak at 1635 
cm
-1
, which is mainly associated with C=O stretching of peptide linkages. The amide II (N–H bending, 
1543 cm
-1
) peak was still present. The broad polysaccharide bands in the region 950–1110 cm
-1
 were 
assigned to C–O–C and C–O–P stretching of carbohydrate-like substances or polyphosphates (Sari and 
Chellam, 2013, Sweity et al., 2015), which weakened the Ar–SO2–Ar signals at 1107 cm
-1
 from the 
virgin membrane. The broad bands may include signals at 1048 cm
-1
, revealing the C–O bonds 
associated with polysaccharides (Her et al., 2007). Strong signals in 600–900 cm
-1
 can be 
representative of aromatic compounds, which can also possibly arise from aromatic ring vibrations of 
various nucleotides and were considered as strong bacterial fingerprint region which suggested the 
biological origin of fouling (Howland, 1996). The prevalence of Ar–SO2–Ar signals at 1240 cm
-1
, 
individual C–C stretching (aromatic ring, 1585, 1487 and 1169 cm
-1
) and the asymmetric O=S=O 
vibrations at around 1325 cm
-1
 for polysulfone layer underneath were weakened or shielded. The 
results indicate that proteins, polysaccharides and aliphatic and aromatic compounds were the major 
membrane foulants, possibly derived from organic or microbial matters. 
 
Figure 7.14: ATR-FTIR spectra of virgin and fouled NF90 in the full-scale plant at the swimming pool A. 
The band in 1600–1700 cm
-1
 with the highest peak at 1635 cm
-1
 is mainly associated with C=O stretching 
of peptide linkages. The broad polysaccharide bands in the region 950–1110 cm
-1
 were assigned to C–O–C 
and C–O–P stretching of carbohydrate-like substances or polyphosphates. Strong signals in 600–900 cm
-1
 
can be representative of aromatic compounds, which can also possibly arise from aromatic ring vibrations 
of various nucleotides and were considered as strong bacterial fingerprint region which suggested the 
biological origin of fouling. 
 
7.4 Discussion 
SB90 (pilot plant) and NF90 (full-scale plant) faced very similar feed properties except the free 
chlorine and phosphorous content which was contributed by different antiscalants used. Fouling of 
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both membranes showed predominantly high organic content. Biofouling was evident in both plants 
with or without chlorine quenching. Inorganic fouling was significantly suppressed by antiscalant 
compared to the bench-scale experiments in which the recovery was even much lower. 
Although the amount of fouling deposits on SB90 was not enough for elemental analysis, a higher 
proportion of organics for SB90 than for NF90 (> 80%) was expected from the less dry mass and more 
organic carbon contents. In autopsy studies in desalination water content accounted for 85–94% of 
fouling deposits and organic content accounted for 44–90% of dry foulants (Baker and Dudley, 1998, 
Farooque et al., 2009). Organic content in RO fouling by wastewater secondary effluent ranged from 
44% to 87% (Kim et al., 2008, Raffin et al., 2012, Tang et al., 2014). The proportion of organic and 
inorganic content depends largely on the feed water properties. 
 
Figure 7.15: SEC-OCD results of feed water and extracted fouling deposits of SB90 (pilot plant) and NF90 
(full-scale plant). 
SEC-OCD chromatograms of two feed waters and dissolved fouling deposits on both membranes 
showed little difference (Figure 7.15). The high MW fraction was the major fraction, which is 
commonly defined as biopolymer fraction (t = 32 min) which includes compounds such as 
polysaccharides and protein (Huber et al., 2011). Although this biopolymer fraction can be hardly 
detected in feed water, it composed the major foulant for both membranes as the result of biofouling. 
These two tight NF membranes reject biopolymer and humic substances nearly completely. But a 
predominant accumulation was observed only for biopolymer, which indicates not only the 
preferential accumulation of biopolymer as foulants but also the biofouling origin of these 
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fractions (t > 50 min) which contain low MW and hydrophobic molecules were not accumulated 
significantly. Two small peaks at t = 42 and 53 min were clearly seen on NF90 but not significantly on 
SB90. 
Biofouling in SB90 and NF90 modules showed different characteristics. The average coverage of 
nucleic acids demonstrated more bacteria on NF90 than on SB90. EPS in 5‒10 µm spherical forms 
were only observed on NF90. Organisms seemed to belong to higher order than bacteria and big EPS 
clumps were only observed on NF90 while filamentous structures were only observed on SB90. 
Bacteria clusters, filaments of bacteria and prevalent linked structures of bacteria and EPS on SB90 
suggest the active biofilms which were producing EPS. The higher accumulation of K in NF90 also 
indicates that the biofilms on two membranes have different characteristics. 
Almost all TFC membranes have much high surface roughness than CA membrane (Elimelech et al., 
1997). Fouling by model biopolymers was found more sever on membrane with rougher surface (Li et 
al., 2007). However, (Baek et al., 2011) demonstrated that surface properties of RO membranes such 
as hydrophobicity, surface charge and roughness have no significant effects on biofouling. In 
comparison to surface roughness, feed properties such as chlorine concentration and assailants 
revealed higher influence. Under chlorine condition biofouling still existed on SB90. The ratio 
EPS:cells was even higher than on NF90. Probably because under the stress of chlorine bacteria tend 
to produce more EPS based on a protection mechanism against negative environment (Baker and 
Dudley, 1998). But after 17 months of operation the fouling dry mass on SB90 was less than on NF90. 
The low concentration of chlorine might have the control effect on biofilm. Another possible reason 
can be the different antiscalants applied. Chemicals introduced into the treatment process, such as 
impure acids or phosphate-based scale inhibitors, may also exacerbate biofouling. Antiscalants have 
already been reported to enhance biofouling (Sweity et al., 2013, Vrouwenvelder et al., 2000, 
Vrouwenvelder et al., 2010, Weinrich et al., 2013). Typically antiscalants consist of polycarboxylates, 
polyacrylates, polyphosphates and polyphosphonates. It’s difficult to know the chemical composition 
of commercial antiscalants. Antiscalants often contain two or more phosphonate groups which are 
called polyphosphates, with the MW ranging from 1000 to 3500 g/mol. Phosphonates and phosphonic 
acids are organophosphorus compounds containing C−PO(OH)2 or C−PO(OR)2 groups (where R is 
alkyl or aryl). Phosphate containing chemicals provide an essential nutrient supply (Weinrich et al., 
2013). In general, antiscalant degradation and assimilation by bacteria has not been clearly elucidated. 
Recently a comprehensive study showed polyacrylates and polyphosphonates containing antiscalant 
can enhance biofouling during RO filtration treating low organic content brackish water (Sweity et al., 
2015). Polyacrylates alter the membrane surface properties and increase the bacterial adhesion, while 
polyphosphonates increase biofilm growth by providing the cells with phosphorous. Sweity et al. 
(2015) also indicated that polyacrylates causes more severe biofouling. The antiscalant used for NF90 
contains both polyacrylates and polyphosphonates, while neutralized carboxylic and phosphonic acids 
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were present for SB90, which might be the reason for the more severe biofouling on NF90 than on 
SB90, as also expected by Sweity et al. (2015). 
Scaling such as sulfate salts could be well suppressed by antiscalant. Inorganic constituents were 
measured in insignificant amount compared to the organic content. Among inorganic constituents, Al 
showed the highest accumulation ratio, probably as tiny colloids which were observed and associated 
using SEM and EDX. Phosphonate-based antiscalants have been reported to be ineffective to suppress 
the precipitation of aluminum silicates, where phosphorus from antiscalants can react with aluminium 
to form precipitates (Gabelich et al., 2005). Another study indicated that strong interactions between 
anionic humates and phosphates is possible in the presence of metal ions such as Al
3+
 that act as 
cationic ‘‘anchors (Riggle and von Wandruszka, 2005). Another autopsy study in brackish water 
treatment with low hydrogen carbonates concentration and 12 mg/L TOC showed amorphous matrix 
organic–Al–P complexes (Tran et al., 2007). Fe accumulated on both membranes. There is yet no 
specific pretreatment against Fe. Nevertheless, these inorganic accumulations are insignificant in 
comparison to a scaling problem. 
The accumulation ratio of Ca
2+
 is similar for both membranes and in different zones. The ratio 
between OC and Ca
2+
 kept similar on different zones. In the presence of OM, Ca
2+
 plays an important 
role in organic conditioning and subsequent biofouling in NF (Zhao et al., 2015). It can be suggested 
that Ca
2+
 can be adsorbed with pool water as ion in the membrane polymer matrix and fouling layer or 
accumulated as a complex with organic substances, which was also suggested by Saravia et al. (2013). 
Besides, Ca can be accumulated also in biofilm (Mañas et al., 2011), which was shown by biologically 
induced precipitation of phosphorus as hydroxyl-apatite (Ca5(PO4)3(OH)) in the core of granular 
sludge. Ca
2+
, and to a lesser extent Mg
2+
, accumulate within the biofilm matrix and act as cross-linking 
agents in EPS production within the biofilm (Applegate and Bryers, 1991). EPS formation rate in the 
biofilm was unaffected by calcium concentration (Turakhia and Characklis, 1989). The partner of Ca
2+
 




. The only possible anion found accumulated was PO4
3-
. But 
the amount of Ca
2+
 was much higher than PO4
3-
. More importantly, on NF90 along the flow direction 
Ca showed clearly decreasing trend, while PO4
3-
 increased. Therefore, biofilm and organic fouling 
complex should be responsible for Ca
2+
 accumulation. 
After 17 months of operation, fouling deposits on SB90 relatively evenly distributed along the flow 
direction, while fouling on NF90 after 8 months of operation showed the decreasing trend along the 
flow direction. The rear module of NF90 had minor fouling which could be further used. However, 
based on the development from rapid to long-term biofouling, with longer time period this decreasing 




Fouling behavior of NF membranes was studied for the first time in long term and in large scale for 
swimming pool water treatment. A cellulose acetate membrane SB90 in a pilot plant and a polyamide 
membrane NF90 in a full-scale plant were respectively applied with highly similar feed waters. 
Autopsy studies showed that the decline of membrane permeability was mainly due to accumulation of 
organics and biofilms on the membrane. The foulants identified were mainly biopolymers including 
protein- and polysaccharide-like substances. A concentration of 0.2 mg/L chlorine in feed water of the 
pilot plant could not avoid biofouling but might influence the biofilm formation, which was shown by 
different morphology and composition of biofilm on two membranes. Antiscalant with polyacrylates 
and polyphosphonates might enhance biofouling and different antiscalants may have different extents 
of enhancement. Inorganic fouling played a minor role in this study. Al was found the most 
accumulated, probably from the flocculation pretreatment. The applied accumulation ratio of 
constituents in (mg/m
2
)/(mg/L) as the mass over membrane area and concentration in feed served as a 
valid and appropriate approach for evaluation of the key fouling constituents.  
In summary, NF membrane fouling by swimming pool water, which has low hydrogen carbonate, high 
temperature and high DOC of NOM and anthropogenic input, has low scaling potential but is 
dominated by biofouling in combination of organic fouling. The results enable to choose the 





8 Conclusions and outlook 
This dissertation aimed to investigate the application potential of NF for swimming pool water 
treatment. For a better understanding of the formation of DBP and therefore an appropriate treatment, 
pool water quality was continuously intensively studied for several months and a simple method for 
calculating THM concentration in real pool water system was established. The successful simulation 
supported the observed positive correlation between DOC and THM with a time delay of 2 days, 
which indicated a possible minimization of DBP by quick removal of the precursors using NF. For the 
first time NF was integrated in a real swimming pool water system as a branch current for the 
mainstream treatment. Long-term operation showed that NF reduced DBP and the precursors in pool 
water. As an indispensable aspect, fouling behavior of NF membranes in swimming pool water 
treatment was thoroughly investigated through bench-scale experiments in different water qualities 
and autopsy studies after realistic long-term operation. Results showed in swimming pool water NF 
membrane was dominated by biofouling in combination with organic fouling. 
8.1 THM in swimming pool water 
In a public indoor swimming pool water was sampled daily for three months to analyze the water 
quality with focus on organic load and DBP formation. The formation of THM in pool water showed a 
clear positive correlation to DOC with a time delay of two days. This time delay should depend on the 
pool water treatment process. The major part of THM formation takes two days in the case of 
conventional swimming pool treatment process which cannot remove DOC. DOC proved to be a 
suitable parameter for precursor to predict THM production, while the number of visitors is not 
reliable to estimate the organic load brought into water and to predict THM formation due to different 
behaviors of visitors. For the first time a simple simulation based on mass balance for predicting the 
THM concentration in indoor swimming pool water was developed. In the simulation, production of 
THM from reaction of DOC and chlorine, loss into air and elimination by pool water treatment were 
considered. The simulated results were generally in good agreement with measurements in reality and 
in good compliance with published characteristics. Thereby, one step towards the prediction of THM 
in swimming pool water is provided. The unknown variance of DOC characteristics and activities of 
visitors contributed to the deviation between measurement and simulation. The method can be used to 
estimate THM concentration under real indoor swimming pool water conditions with a reduced 
amount of data required, and practically be useful in conducting health-related risk assessment 
concerning exposure to DBP and in estimating infrastructure needs for upgrading treatment facilities. 
The production of THM from DOC is slow compared to a typical turnover rate of swimming pool 
water. Therefore, a quick removal of organic precursors through pool water treatment could be an 
effective way to minimize the THM production. 
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8.2 Minimization of DBP in swimming pool water 
Carefully designed laboratory experiments using dead-end filtration were carried out to study the 
THM rejection by three NF membranes of different materials. Each experiment took six days for a 
comprehensive evaluation of the rejection properties including the effects of adsorption and fouling on 
rejection. NF has actually limited rejection of THM (max. 30‒50%) despite the contradictory results 
reported in literature. Large extent of THM adsorption to membrane leads to severe overestimation of 
rejection in short term experiments. Adsorption has significant influence on rejection mechanism, 
facilitating the mass transport of THM through NF membrane. Membrane material plays a substantial 
role in the intrinsic adsorption capacity and consequently has the impact on rejection. Occupation 
extent of the available adsorption capacity in the membrane plays a significant role due to the fact that 
adsorption facilitates the transport of molecules through the membrane and thus decreases membrane 
rejection. Competitive adsorption among THM was observed. NOM in feed solution and organic 
fouling layer had little effects on THM rejection. Organic fouling lowered the adsorption of less 
adsorptive THM due to blocking of the membrane surface. 
Given the fact that the direct THM rejection by NF is low, application of NF in swimming pool water 
treatment contributed merely to the elimination of DOC and AOX, leading to a high elimination of the 
DBP precursors. For the first time NF was integrated in a real swimming pool water system in a pilot-
plant for the backwash wastewater treatment and in a full-scale plant as a branch current for the 
mainstream treatment. Chlorine-resistant NF membrane of cellulose acetate (SB90) fulfilled sufficient 
rejection performance for 17 months under pool water condition with 0.2 mg/L free chlorine present in 
feed water. By quenching chlorine in advance the polyamide (non-chlorine resistance) NF90 
membrane endured excellent rejection performance in 8 months operation. Compared to the original 
treatment process PAC+UF, integration of a branch current NF treatment for 1.3% of the mainstream 
could reduce the general level of DBP and the precursors (30% in AOX- and 18% in DOC-reduction) 
as well as the DBP reactivity (35% in THMFP/DOC- and AOXFP/DOC-reduction) in swimming pool 
water. Results implied the feasibility of minimizing DBP formation by quick removal of DBP 
precursors from the pool water. Long-term onsite experiments at a real swimming pool demonstrated a 
realistic option of an efficient treatment, which provided a better pool water quality with only 
marginally increased fresh water consumption compared to the original treatment PAC+UF. 
8.3 Fouling of NF membrane in swimming pool water treatment 
Fouling is an essential aspect when considering the realistic application especially in the long run. 
Swimming pool water has low bicarbonate concentration, high temperature and high DOC of NOM 
and anthropogenic input. And there is almost no information available about fouling formation under 
these conditions. Fouling behavior of NF membranes in swimming pool water treatment was 
thoroughly investigated onsite through bench-scale experiments in different water qualities and 
autopsy studies after realistic long-term operation. A polyamide membrane and a cellulose acetate 
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membrane were applied with similar feed waters with chlorine quenched or not. Autopsy studies 
showed that the decline of membrane permeability was mainly due to accumulation of organics and 
biofilms on the membrane. The foulants identified were mainly biopolymers including protein- and 
polysaccharide-like substances. A concentration of 0.2 mg/L chlorine in feed water could not avoid 
biofouling but might influence the biofilm morphology and composition. Antiscalant with 
polyacrylates and polyphosphonates might enhance biofouling. Among the little inorganic foulants, Al 
was found the most accumulated, probably from the flocculation pretreatment. The applied 
accumulation ratio of constituents in (mg/m
2
)/(mg/L) as the mass over membrane area and 
concentration in feed served as a valid and appropriate approach for evaluation of the key fouling 
constituents. In summary, NF membrane in swimming pool water treatment has low scaling potential 
but is dominated by biofouling in combination of organic fouling. The results enable to choose the 
appropriate cleaning and pre-treatment method for fouling under swimming pool water condition. 
8.4 Outlook 
Although DBP have been of research interest for decades and considerable work has been done, there 
are still areas remained to be further investigated. Modelling of DBP has been primarily in drinking 
water. Complex mathematical models for DBP which give an accurate prediction in swimming pool 
water can be of great interest.  
Despite that the general level of DBP was reduced by integrating NF in swimming pool water 
treatment, minimization of THM was not significant. Probably higher share of NF branch current is 
worth further investigation. NF is not able to remove the organic molecules in water completely and it 
is not clear how the small organic molecules remained in permeate react further with chlorine in the 
swimming pool water system. Additional information about the DBP reactivity/formation of different 
organic matters may lead to specific treatment which can be more effective reducing the THM 
concentrations in swimming pool water. 
As more DBP have been identified with developing analytical methods, the study could be expanded 
out of the few focused DBP such as THM and HAA. In swimming pool water the presence of 
pharmaceuticals such as N,N-diethyl-m-toluamide (DEET) and caffeine was observed (Weng et al., 
2014), which indicated the pharmaceuticals not completely metabolized in human can excreted via 
urine. Due to the persistence it’s hardly degraded by treatment and will accumulate in the nearly fully 
recirculated system. Such accumulation of pharmaceuticals was nearly not studied to date. Although 
the concentrations of pharmaceuticals are low and no significant effects on visitors are expected, more 
information of the potential risks is needed. Furthermore, by integration of NF treatment the 
accumulation of pharmaceuticals can be minimized. 
Due to the biofouling problem the continuous chlorination/dechlorination method is becoming less 
popular. Chlorine-resistant membrane enables a cleaning with chlorine and so that an easier and more 
 
94 
efficient treatment of water with biofouling propensity. Although this work showed 0.2 mg/L free 
chlorine couldn’t prevent biofouling, directly treating pool water with higher chlorine concentration 
using chlorine resistant membrane can be interesting. However, the most critical point of chlorine 
resistant membranes is the high pressure demand and low permeability. If the fouling problem can be 
under control using chlorine resistant membrane in higher chlorine concentration, the treatment costs 









Figure A1: Determination of the MWCO for three nanofiltration membranes applied. a) NF90, b) NTR-
7470pHT und c) SB90. Test condition: 25°C, cross-flow filtration at 8 bar, Vcrossflow = 0.22 m/s, neutral 




















































Figure A2: Zeta-potential results of three nanofiltration membranes applied (NF90, NTR-7470pHT and 
SB90). 
 
Figure A3: Sensitivity analysis of the key parameters RC and Kwa for the simulation. 
 
Figure A4: NF membranes fouled by NOM rich lake water. 














































































Figure A5: SEC-OCD chromatograms with organic nitrogen detection of permeate NF in the full-scale 






A  water surface area of swimming pool 
AOX  absorbable organically bound halogens adsorbable on activated carbon 
AOXFP maximum formation potential of AOX 
DBP  disinfection by-product(s) 
DBPFP  disinfection by-product formation potential 
DOC  dissolved organic carbon 
DOM  dissolved organic matter 
FP   formation potential 
FT-ICR MS Fourier transform ion cyclotron mass spectroscopy 
HAA  haloacetic acids 
HC  Henry’s law constant 
k  removal coefficient of THM 
ka  air-phase mass transfer coefficient 
kw  water-phase mass transfer coefficient 
Ka  overall mass transfer coefficient in the air phase 
Kw  overall mass transfer coefficient in the liquid phase  
Kwa  overall water-air mass transfer coefficient 
m  mass 
MW  molecular weight 
MWCO molecular weight cut-off 
NF  nanofiltration 
NOM  natural organic matter 
QFW  filling water inflow 
QTM  volumetric flow rate of pool water treatment 
RC  specific production ratio of THM from DOC 
RO  Reverse Osmosis 
t  time 
TFC  thin-film composite 
THM  trihalomethanes 
THMFP maximum formation potential of THM 
UF  ultrafiltration 
VPool  total water volume in the swimming pool 
XTHM  THM removal ratio during one passage of the pool water treatment process 
ρDOC  DOC concentration in swimming pool water 
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